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Symbols, Abbreviations and Acronyms 


ACRV 

ACS 

AFE 

A&I 

A1 

ALARA 

ALS 

ALSPE 

am 

AR 

ARGPER 

ARS 

art-g 

asc 

ASE 

AU 


Advanced crew recovery vehicle 
Attitude control system 
Aerobrake Flight Experiment 
Attachment and integration 
Aluminum 

As low as reasonably achievable 
Advanced Launch System 
Anomalously large solar proton event 
Atomic mass (unit) 

Area ratio 

Argument of perigee 
Atmospheric revitalization system 
Artificial gravity 
Ascent 

Advanced space engine 
Astronomical Unit (=149.6 milli on km) 


BIT 

BITE 

BLAP 

BFO 

BMR 


Built-in test 
Built-in test equipment 
Boundary Layer Analysis Program 
Blood-forming organs 
Body mounted radiator 


C 

CAB 

CAD/CAM 

CAP 

Q 

CELSS 

CHC 

CG 

Cl 

cm 

c/m 

CM 

c/o 

CofF 

conj 

COSPAR 

C02 

Cryo 

C3 

C&T 

CTV 


Degrees Celsius 
Cryogenic/aerobrake 

Compter-aided design/computer-aided manufacturing 
Cryogenic all-propulsive 
Drag coefficient 


Closed Environmental Life Support System 

Crew health care 

Center of gravity 

Lift coefficient 

Centimeter = 0.01 meter 

Crew module 

Center of mass 

Checkout 

Cost of facilities 


Conjunction 

Committee on Space Research of the International Council of Scientific 
Unions 

Carbon dioxide 


Cryogenic 

Hyperbolic excess velocity squared (in knP/s 2 ) 

Communications and Telemetry 

Cargo Transport Vehicle (operates in Earth orbit) 


d 

DDT&E 

DE 

deg 

desc 


days 

Design, development, testing, and evaluation 

Dose equivalent 

Degrees 

Descent 
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DMS 

dV 

EA 
E arr 
Ec 

ECCV 

ECWS 

ECLSS 

EP 

ESA 

e.s.o. 

ET 

ETO 

EVA 


F c 

FD&D 

Few 

EEL 


Ff 

F& 

Fi 

Fi 


F n 

F 0 

&. 

fc 

2 * 

Fr 

FSE 

F s 

Fss 

F u 

F v 

FY88 


g 

GCNR 

GCR 

GEO 

GN2 

GN&C 

GPS 

Gy 

hab 

HD 

HEI 

HLLV 

hrs 


Data management system 
Velocity change (AV) 

Earth arrival 
Earth arrival 

Modulus of elasticity in compression 

Earth crew capture vehicle 

Element control work station 

Environment control and life support system 

Electric propulsion 

European Space Agency 

Engine start opportunity 

External Tank 

Earth-to-arbit 

Extra-vehicular activity 

Circulation efficiency factor 
Fire Detection and Differentiation 
Life support weight factor 
First element launch 
Specific floor count factor 
Specific floor area factor 
Aerobrake integration factor 
Specific length factor 
Normalized spatial unit count factor 
Path options factor 
Useful perimeter factor 
Parts count factor 
Proximity convenience factor 
Plan aspect ratio factor 
Section aspect ratio factor 
Flight support equipment 
Vault factor 
Safe-haven split factor 
Spatial unit number factor 
Vol ume range factor 

Fiscal Year 1988 (=October 1,1987 to September 30,1988. Similarly for 
other years) 

Acceleration in Earth gravities (=acceleration/9.80665m/s 2 ) 

Gas core nuclear rocket 
Galactic cosmic rays 
Geosynchronous Earth Orbit 
Gaseous nitrogen 
Guidance, navigation, and control 
Global Positioning System 

Gray (SI unit of absorbed radiation energy = 10 4 erg/gm) 

Habitation 
High Density 

Human Exploration Initiative (obsolete for SEI) 

Heavy lift launch vehicle 
Hours 
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hyg w Hygeine water 

HZE High atomic number and energy particle 

H2 Hydrogen 

H 2 0 Water 


ICRP 

IMLEO 

in. 

inb 

IP&ED 

IR&D 

Isp 

ISRU 


International Commission on Radiation Protection 

Initial mass in low Earth orbit 

Inches 

Inbound 

Implementation Plan and Element Description 
Independant research and development 
Specific impulse (=thrust/mass flow rate) 

In-situ resource u tilizatio n 


JEM 

JSC 

k 

keV 

kg 

klb 

klbf 

km 

KM 

KM/Sec 

KM/SEC 

ksi 

LCC 

L/D 

LD 

LDM 

LEO 

LET 

LEV 

LEVCM 

Level II 

LH2 

LiOH 

LLO 

1M 

LOR 

LOX 

LS 

LTV 

LTVCM 

12 


m 

[MarsGram 

[MARSIN 

MASE 

MAV 


Japan Experiment Module (of SSF) 

Johnson Space Center 

klb 

Thousand electron volt 
Kilograms 

Kilopounds (thousands of pounds. Conversion to SI units=4448 N/klb) 

Kilopound force 

Kilometers 

Kilometers 

Kilometers per second 
Kilometers per second 
Kilopounds per square inch 

Life cycle cost 

Lift-to-drag ratio 

Low density 

Long duration mission 

Low Earth orbit 

Linear energy transfer 

Lunar excursion vehicle 

Lunar excursion vehicle crew module 

Space Exploration Initiative project office, Johnson Space Center 

Liquid hydrogen 

Lithium hydroxide 

Low Lunar orbit 

Lunar Module 

Lunar orbit rendezvous 

Liquid oxygen 

Lunar surface 

Lunar transfer vehicle 

Lunar transfer vehicle crew module 

Lagrange point 2. A point behind the Moon as seen from the Earth which 
has the same orbital period as the moon. 

Meters 

Western Union interplanetary telegram] 

Martian pornography] 

Mission analysis and systems engineering (same as Level II q.v.) 

Mars ascent vehicle 
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M/Q>A Ballistic coefficient (mass / drag coefficient time ?; area) 

MCRV Modified crew recovery vehicle 

me Mass of electron 

MEOP Maximum expected operating pressure 

MeV Million electron volt 

MEV Mars excursion vehicle 

MLI Multi-layer insulation 

mm Millimeter (=0.001 meter) 

MMH Monomethylhydrazine 

MMV Manned Mars vehicle 

MOC Mars orbit capture 

MOI Mars orbit insertion 

mod Module 

M&P Materials and processes 

MPS Main propulsion system 

MR Mixture ratio 

m/sec Meters per second 

MSFC Marshall Space Flight Center 

Msi Million pounds per square inch 

xnt Metric tons (thousands of kilograms) 

mT Metric tons 

MTBF Mean time between failures 

MTV Mars transfer vehicle 

MWe Megawatts electric 

m 3 Cubic Meters 


N Newton. Kilogram-meters per second squared 

n/a Not applicable 

NASA National Aeronautics and Space Administration 

NCRP National Council on Radiation Protection 

NEP Nuclear-electric propulsion 

NERVA Nuclear engine for rocket vehicle application 

NTP Nuclear thermal propulsion (same as NTR) 

NSO Nuclear safe orbit 

NTR Nuclear thermal rocket 

N204 Nitrogen tetroxide 

OSE Orbital support equipment 

OTIS Optimal Trajectories by Implicit Simulation program 

outb Outbound 

02 Oxygen 

PBR Particle bed reactor 

Pc Chamber pressure 

PEEK Polyether-ether ketone 

PEGA Powered Earth gravity assist 

P/L Payload 

POTV Personnel orbital transfer vehicle 

pot w Potable water 

PPU Power processing unit 

prop Propellant 

psi Pounds per square inch 

PV Photovoltaic 
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Q Heat flux (Joules per square centimeter) 

Q Radiation quality factor 


RAAN 

RCS 

Re 

RF 

RMLEO 

ROI 

RPM 

RWA 

R&D 


Right ascension of ascending node 
Reaction control system 
Reynolds number 
Radio frequency 

Resupply mass in low Earth orbit 
Return on investment 
Revolutions per min ute 
Relative wind angle 
Research and Development 
Rendezvous and dock 


SAA 

SAIC 

SEI 

SEP 

SI 

SiC 

SMA 

sol 

SPE 

SRB 

SSF 

SSME 

STCAEM 

stg 

surf 

Sv 

51 

52 

53 


South Atlantic Anomaly 

Science Applications International Corporation 

Space Exploration Initiative 

Solar-electric propulsion 

International system of units (metric system) 

Silicon carbide 
Semimajor axis 

Solar day (24.6 hours for Mars) 

Soalr proton events 
Solid Rocket Booster 
Space Station Freedom 
Space Shuttle Main Engine 

Space Transfer Concepts and Analysis for Exploration Missions 

Stage 

Surface 

Sieviert (SI unit of dose equivalent = Gy x Q) 

Distance along aerobrake surface forward of the stagnation point 
Distance along aerobrake surface aft of the sta gnation point 
Distance along aerobrake surface starboard of the stagnation p oint 


t. 

TBD 

Tc 

TCS 

TEI 

TEIS 

t.f. 

THC 

TMI 

TMIS 

TPS 

TT&C 

T/W 


Metric tons (1000kg) 

To be determined 

Phnmh rr tr . i np r . rflfiny. 

Thermal control system 
Trans-Earth injection 
Trans-Earth injection stage 
Tank weight factor 
Temperature and humidity control 
Trans-Mars injection 
Trans-Mars injection stage 
Thermal protection system 
Tracking, telemetry, and control 
Thrust to weight ratio 


UN-W/25Re Uranium nitride - Tungsten/25% Rhenium reactor fuel 


VAB Vehicle Assembly Building 

VCS Vapor coolled shield 

Vinf Velocity at infinity 
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WBC 2 C/B 4 C Tungsten beryllium cabide/Boron cabide composite 

WMS Waste management system 

W/O Without 

WP-01 Work package 1 (of SSF) 

w/sq cm Watts per square centimeter (should be Wcm' 2 ) 

Z Atomic number 

zero g An unaccelerated frame of reference, free-fall 

[order numbers followed by greek letters] 

100K <100,000 particles per cubic meter larger than 0.5 micron in diameter 

Ini Where n=(0,2-6): Boeing Company jet transport model numbers 

c k Kelvin (K) 

+e Positive charge equal to charge on electron 

-c Charge on electron 

AV Change in velocity 

S Standard deviation 

|ig Microgravity (also called zero-gravity) 
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Background and Rationale 


This document presents trade studies and reference concept designs accomplished 
during a study of Space Transfer Concepts and Analyses for Exploration Missions 
(STCAEM) by Boeing for the NASA Marshall Space Flight Center. This volume 
contains the major top level trades, Level El trades conducted in support of 
NASA's Lunar/ Mars Exploration Program Office Level II trade studies, and a 
synopsis of the vehicles for different propulsion systems under trade 
consideration. The vehicles are presented in more detail in other volumes of this 
document. 

The current study began in August 1989 shortly after President Bush established 
the Space Exploration Initiative (SEI). The first six months of the study 
emphasized analysis of cryogenic/ aerobraking Mars transfer systems, supporting 
the NASA "90-Day Study" of the lunar/Mars initiative conducted in response to 
the President's directive. The second six months of this study concentrated 
heavily on trade studies, including alternative propulsion technologies as well as 
systems, subsystems, configurations, performance, and operations trades. The 
cryogenic/ aerobraking system provided a reference baseline for comparison of 
the alternatives. Trade studies (1) improved definition of the baseline, (2) 
developed concepts embodying alternative propulsion technologies, (3) compared 
alternatives to the baseline, (4) examined system elements and subsystems such as 
Mars transfer habitats common to all transfer systems, (5) examined commonality 
with lunar mission systems, and (6) conducted programmatics, life cycle cost, and 
retum-on-investment trades leading to recommendations for architecture 
selection and technology advancmeents, reported in the final technical report for 
this study. This effort supports an overall NASA effort to develop viable 
alternative SEI architectures for in-depth definition, leading to selection of 
system architectures for execution of the SEI program. 

Assumptions. Requirements and Groundrules 

The NASA "90-Day Study" began with a well-developed set of requirements and 
ground rules derived from the FY88 and FY89 exploration case studies. These 
were found to be unduly restrictive as a basis for wide-ranging trade studies and 
were gradually simplified as the trade studies evolved. Requirements used in this 
study are presented in the final technical report 

An important factor in the overall trade effort is the volume and mass of crew 
modules. Mars transportation system designs are dominated by the size and mass 
of crew modules; these are the principal payloads for the transportation systems. 
The trade studies reported herein used parametric estimates based on historical 
manned space systems and on Space Station Freedom subsystems mass data where 
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relevant and available. The resulting volume and mass parametrics, and a 
summary of the reference crew modules, are included in this section. 

The number of crew personnel is also obviously important. A crew of four was 
taken as the reference for the trades reported herein. A subsequent skill mix 
analysis indicates the minimum Mars qrew to be six or seven people. While this 
would not appear to influence trade relative results, it will increase the overall 
size of the systems described herein. 

Trade Study Svnonsis 

This section is an executive summary of the major trade results. Each trade study 
section of the document begins with a more detailed summary. 

Lunar/Mars Commonality Trades 

Crew modules: Crew modules are distinguished mainly by their design 
occupancy duration, which influences internal volume, degree of ECLSS closure, 
and redundancy level. There are four ranges of capability: 1 to 5 days - open 
ECLSS and spartan crew accommodations, applicable to lunar and Mars 
excursion vehicles assuming other accommodations are used for the surface stay; 

2 to 3 weeks - partially closed ECLSS and minimum crew accommodations, 
applicable to the lunar transfer vehicle and a 100-km. class lunar/Mars rover; 1 
to 3 months - closed ECLSS and full crew accommodations except private 
quarters, applicable to a lunar "campsite" module and a surface habitat module 
for 30 to 90 day Mars excursions; and more than 3 months to indefinite - closed 
ECLSS, possibly bioregenerative, and full crew accommodations, applicable to 
the Mars transfer module and permanent surface bases. These ranges lead to 
some common features. Design for use either in zero g or artificial/natural 
gravity is not a significant impact if included from the beginning. One key trade 
result, reflected in the ranges stated, was that living in the excursion vehicle crew 
module does not pay off for surface stays more than about a week. These 
commonalities and differences drive vehicle-level co mmonaliti es. 

Avionics: A common-core avionics system, with unique needs met by optional 
add-on peripherals, is applicable to all SEI systems. Substantial advances in the 
avionics and software state of the art are expected to continue over the life of the 
SEI program. Therefore, the avionics system should be designed from the 
beginning as a flexible evolutionary architecture with standard protocols and 
interfaces, able to incorporate plug-compatible improved equipment 

Engines: A common requirement exists for an advanced space cryogenic engine 
in the 20 to 30 klb thrust range. The exact thrust level has not been determined; 
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to some extent, vehicle designs can be adapted to engine capability. A reasonable 
program strategy is to start with a 20k engine, well-suited to early lunar 
applications, and design for planned product growth to the 30k thrust level. The 
engine needs to have relatively deep continuous throttling capability for lunar and 
Mars landing. Benefits of high specific impulse are significant; a target of about 
475 seconds seems appropriate. Engine reliability, life, and space serviceability 
should not be sacrificed for-a few seconds of Isp. 

The reference cryogenic/aerobrake system also used a space engine in the 150k 
thrust range for the trans-Mars injection (TMI) stage. Subsequent trades have 
indicated that (1) a cluster of the 30k engines, combined with multi-bum TMI, 
has acceptable performance, and (2) except in the case of an early Mars mission 
or of a small Mars program consisting of 3 or less trips to Mars, advanced space 
propulsion should be developed for Mars transfer propulsion. At this juncture, 
the 150k class engine does not seem to have high technical merit. 

Stages and Vehicles: The trans-Mars injection stage, whatever its propulsion 
technology, is much larger than anything needed for the lunar program. While 
there is excellent opportunity for technology and subsystem commonality, stage 
commonality does not appear likely. A cluster of lunar transfer stages could be 
used for TMI, but the design requirements imposed by clustering would probably 
lead to changes that could be as expensive as a new stage design. 

There is a possible commonality between the lunar transfer stage and the trans- 
Earth injection stage. The propellant loads and thrust level are similar. In the 
cryogenic/aerobraking reference, the large Mare transfer crew module and 
integration with the aerobrake led to major configuration differences. In the case 
of an all-propulsive cryogenic Mars mission, the chance for commonality may 
increase, but the trend is for the MTV in this case to have a greater propellant 
load than the LTV. Also, the mission durations are greatly different, leading to a 
more sophisticated cryogenic insulation design for the Mars vehicle. 

Aerobrakes: Differences in vehicle sizes and masses lead to great differences in 
aerobrake designs. There appears to be a good opportunity here for 
commonality of both structures and materials. 

Lunar and Mars Excursion Vehicles: The high commonality potential for 
crew modules is described above. When propellant load requirements for lunar 
and Mars landing and ascent are computed for transporting a common crew 
module, they are found to be very similar, leading to an interest in a common 
vehicle design. However, differences in lunar and Mars missions have led to 
different approaches to LEV and MEV design. The Moon is frequendy 
accessible. LEV operations are typically modular, i.e. cargo and crew trips are 
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separate. For the MEV, cargo and crew have typically been integrated, as in the 
reference system. They could be separated, and this needs further investigation. 
However, other significant configuration differences arise because of the need to 
integrate the MEV with a landing aerobrake. While commonality of the entire 
vehicle can be forced, the design penalties are such that commonality of 
subsystems, readily achievable, seems the preferred course. 

Lunar and Mars Mission Operations 

Alternativ e Crew Modules 

We examined crew modules for 2 to 8 people and 1 to 42 days' duration, for 
functions of lunar transfer, lunar/Mars excursion, and direct entry into Earth's 
atmosphere, for an Earth Crew Capture Vehicle (ECCV). One conclusion of this 
trade study was mentioned above, that excursion vehicle crew modules should be 
designed for short duration; if occupied surface stays more than a few days are 
planned, a separate surface habitat that does not have to be returned to lunar or 
Mars orbit should be provided. 

For most of the range stated 4.4-meter diameter modules were adequate . At the 
upper end, i.e.6 and 8 people for longer durations, the volume requirements 
cause a single 4.4-meter diameter module to exceed the Space Station Freedom 
hab module length, and splitting into two joined modules, or a larger diameter, 
should be considered. 

We also found that mass could be minimized by cylindrical modules and 
ellipsoidal end domes without major penetrations. Airlocks, where required, 
were separate from the modules. In some instances, this permits the airlock to be 
disconnected and left behind before ascent from die Moon or Mars, saving 
propulsion system mass. 

ECCVs were defined as Apollo shapes. This permitted the trade to be completed. 
The Apollo shape is appropriate for lunar return, but for the high end of the 
Mars return range, a higher lift configuration is needed. 

Habitat Trade Summary 

A design and integration trade for the Mars transfer habitat led to selection of a 
7.6-meter diameter module. This size selection was indicated as valid over at 
least a crew size range from 4 to 12. This size has significant mass and 
integration efficiencies over a smaller diameter. A 10-meter design was also 
investigated but was inefficient for the smaller crew sizes, 4 to 6. The selected 
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design used a single longitudinal floor and included a structural transverse 
bulkhead that provides two independently pressurizable volumes for redundancy. 

Radiation Assessment 

The Earth's van Allen belts are not a serious problem for Mars missions. In 
the nominal case, no special shielding is required. For multiple-bum departures, 
the crew can use the radiation shelter described below for adequate protection. 
Certain mission profiles involve either protracted low-thrust spirals through the 
belts, or capture of the returning Mars vehicle in a highly elliptical Earth orbit. 
In either case, the use of an LTV "taxi" to embark/debark the crew is advisable 
for other reasons and eliminates the van Allen belt exposure problem. 

Solar flares can deliver debilitating or lethal doses to an unprotected human. 
The shielding afforded by the normal habitat structure and subsystems is 
inadequate. A heavily-shielded area is required. Present estimates of the shield 
required are 20 to 30 grams/cm 2 . Since solar flares are of short duration (a few 
days), a "storm shelter" design approach is the preferred one. A small area of 
the habitat is shielded to the required level and the crew are confined to this area 
during a solar flare. 

Galactic cosmic rays are continuous in nature and extend to very high 
energies. Mars transfer doses are in the range where pessimistic-side estimates 
exceed allowable doses but optimistic-side estimates do not. A small storm 
shelter is not a solution because the crew would need to spend most of their time 
confined in it. Shielding the entire MTV incurs large mass penalties. Two 
solutions are evident: (1) design Mars mission profiles for fast (less than six 
months) transfers and long stay times on Mars, where the atmosphere, and 
indigenous materials if required, provide shielding; (2) design an enlarged 
shielded area in the MTV habitat where the crew will normally spend most of 
their time. Bill Pogue (Skylab 4) stated that the Skylab 4 crew spent 90% of then- 
time in about 10% of the available crew volume. 

Certain mission profiles and propulsion systems are more amenable to cosmic ray 
protection. Fast transfer conjunction missions were mentioned above. Cycler 
architectures and electric propulsion systems tolerate more massive crew habitats 
with much less overall penalty than the reference cryogenic/aerobrake system. 

Large Crew Size 

Most of the SEI transportation studies have assumed crews of 4 to 6. We 
performed a crew size assessment based on skill mix requirements for Mars 
missions and concluded that 6 is a bare minimum, and crews of 7 or 8 may be 
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needed. Also, as SEI evolves, larger numbers may be desired, as in the 
industrialization and settlement scenarios described in the final technical report 
for this study. Accordingly, we performed a sensitivity study on crew size, 
examining vehicles for crews of 8, 16, and 32. The overall result was that 
nuclear propulsion systems adapt to large crews much better than cryogenic 
systems or solar electric propulsion. Large single nuclear vehicles appear quite 
practical. Cryogenic vehicles grow in IMLEO much faster than nuclear vehicles. 
Assembly of large capture aerobrakes becomes a major issue. Cryogenic and 
solar electric systems appear to adapt to large crew sizes most readily through a 
convoy approach. 

Rescue/Abort 

Lunar Missions - The proximity of the Moon enables a number of rescue and 
abort modes. Powered or unpowered abort flyby of the Moon is possible for any 
of the mission modes. Direct modes deliver the entire return system to the lunar 
surface and enable abort directly from the surface to Earth return. Lunar orbit 
rendezvous modes (LOR) permit abort to lunar orbit on every revolution of the 
orbiting spacecraft as long as the surface site is at the equator, which was our 
general assumption. L2 libration point rendezvous enables abort to L2 from the 
surface at any time from any location. 

Site selection considerations discussed at a site selection review in Houston suggest 
that equatorial sites are not a foregone conclusion. Further, the lunar 
transportation mode will probably be selected before the lunar outpost sites are 
selected. For this reason, we concluded that a direct mode or L2 rendezvous 
mode should be selected for initial implementation. When the lunar base evolves 
to the point that it has long-duration stays with adequate critical subsystem 
redundancy, the longer waits (about a week) for LOR abort from non-equatorial 
sites would be acceptable. At that point the greater efficiency of LOR could be 
adopted. 

Mars Missions - Mars unpowered flyby abort options exist for most 
conjunction and opposition/swingby profiles. These involve the normal mission 
duration; rapid returns are not available. For those profiles not having an 
unpowered flyby abort, a modest amount of propulsion, available from either the 
MTV or MEV, will place the vehicle on an Earth return path. ’’Fast" opposition 
profiles may not have flyby aborts. If they do, the retum-to-Earth duration is 
very long compared to the planned mission duration. Aborts constrained to 
planned trip time require greater and greater delta V for a powered abort as trip 
time is reduced. We found that electric propulsion systems can limp home from 
Mars at half power with very little mission duration extension. We did not 
perform a general low-thrust abort study. 
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The MEV is designed so that an ascent abort from a descent can be initiated near 
the end of the aerobraking descent profile, and during the powered descent. The 
ascent stage is separate as was the case for the Apollo lunar module. One issue 
that exists for the cryogenic MEV is the time available for an abort in the event 
of breaching of the ascent tanks' vacuum jacket on the surface of Mars. Many 
hours to days would appear to be available unless a very large vacuum leak 
occurs. The MEV can abort to Mars orbit twice per Mars day, when the surface 
site passes beneath the parking orbit plane. The ascent initially injects into a low 
Mars phasing orbit and then continues to the elliptic parking orbit at the proper 
time to achieve alignment of the apsides. 

A further issue is abort return to Earth from the Mars parking orbit on a 
conjunction profile. During the short stay of an opposition profile, orbit secular 
precession is small enough that abort is always possible. On a conjunction 
profile, the interplanetary transfer energy is such that an abort is possible for 
about die first 100 days at Mars. However, the Mars parking orbit inclination 
and period are "tuned" to achieve proper orbital plane and apsides alignment at 
the normal departure time. While we did not investigate early return aborts, it is 
likely that orbital alignment will be a problem. 

Advanced Propulsion System Trades 

Lunar missions benefit much less from advanced propulsion performance than 
Mars missions. Mars missions last months to years; because of their duration, 
they require massive, costly crew habitats for the transfers from Earth to Mars 
and back. Further, lunar missions require high thrust propulsion, at least for 
crew missions, while both crew and cargo missions to Mars can use electric 
propulsion. A strictly lunar scenario would admit only nuclear thermal rockets 
as an advanced propulsion option, since the low thrust of electric propulsion 
systems makes them ill-suited for lunar crew transport and they appear not worth 
developing merely for lunar cargo transport. 

Activity Levels - Selection of transportation architectures is influenced by 
activity level much more than by purpose or strategy, because transportation 
basically responds to "how much" and "how often." Three activity levels, 
"minimum," "full science menu," and "industrialization and settlement," were 
defined to assess the sensitivity of architecture selection to activity level. 

The three levels of activity were as follows: Minimum, just enough to meet the 
President’s objectives; in fact "return to the Moon to stay" was interpreted as 
permanent facilities but not permanent human presence. The minimum program 
had only three missions to Mars. The full science program aimed at satisfying 
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most of the published science objectives for lunar and Mars exploration. The 
largest activity aimed for industrialization of the Moon, for return of practical 
benefits to Earth, and for the beginnings of settlement of Mars. The range of 
activity levels, as measured by people and materiel delivered to p lan etary 
surfaces, is about a factor of 10. The range of Earth-to-orbit launch rates was 
less, since we adopted results of preliminary trade studies, selecting more 
advanced in-space transportation technologies as baselines for greater activity 
levels. 

Mars transfer propulsion trades considered cryogenic all-propulsive (CAP) 
systems on conjunction profiles, cryogenic/aerobraking (CAB) on opposition 
and conjunction fast transfer profiles, nuclear thermal rockets (NTR), 
nuclear electric propulsion (NEP), and solar electric propulsion (SEP) 
on all profiles, and gas-core nuclear rockets (GCNR) on fast-trip profiles. 
Additional architectures reflecting novel operational strategies included Mars 
direct, lunar L2 libration-point basing with lunar oxygen, and various 
cycler and semi-cycler modes. (The term semi-cycler implies combinations of 
flyby and stopover operations) 

A promising variation on a semi-cycler was identified late in the study and 
labeled NTR-dash. In this mode, the MEV separates from the NTR MTV three 
to four months before Mars arrival. The MTV makes a posigrade bum or the 
NTR makes a retrograde bum, causing Mars arrival of the two vehicles to be 10 
to 30 days apart. The MEV performs a short-duration surface mission; its ascent 
stage makes a hyperbolic rendezvous with the NTR immediately after Mars flyby. 
The NTR may be on a free-retum flyby or may need to deliver impusle to return 
to Earth depending on mission profile details. In either case, the NTR delta V is 
much reduced. This mode reduces initial mass by 10% to 40%. Further profile 
analysis are needed. The mode appears particularly attractive for crew rotation 
and resupply at a Mars base. 

The cryogenic systems were considered as reference and the others as advanced 
propulsion. Cryogenic all-propulsive is indicated for the conjunction mission 
since the Mars capture delta V is so low that the mass penalty for propulsive 
capture is about the same as the mass penalty for an aerobrake. One variation on 
the conjunction profile expends additional energy to obtain short transfer times. 

In this case, cryogenic/aerobraking is a logical choice for the conjunction profile. 

Significant performance advantages exist for advanced propulsion, and these 
advantages increase as trip time is reduced. Therefore, selection of advanced 
propulsion options and of evolutionary paths for propulsion development is 
crucial to efficient, economic overall SEI program architectures. If an advanced 
propulsion option is justified for Mars missions, appropriate use for it is sought 
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in lunar operations. Further, its maturity may need proving on the (relatively) 
low-risk lunar mission profiles. 

Architectures Mass and Reusability Summary 

Resupply performance is the key measure of efficiency for repeated missions; for 
single or expendable architectures, the total initial mass in Earth orbit (IMLEO) 
applies. Also important is the fraction of propulsion and mission hardware 
available for reuse at the end of the mission; this is an important mission cost 
factor since hardware replacement cost can easily exceed ten times the cost to 
place mass in LEO. Generally, options with lower resupply requirements and 
higher reusability employ more advanced propulsion and imply more 
developmental effort. Therefore, one expects low resupply modes to be 
attractive mainly for larger-scale programs, where the greater technology and 
development effort is effectively amortized. Less advanced systems are cost 
effective for lesser programs. The performance of Mars surface rendezvous 
(Mars direct), as a crew delivery system for a man-tended but long-duration stay 
base is quite attractive. Since Mars direct is only operable on a conjunction 
profile, it is not well suited to crew rotation for a permanent base. The NTR- 
dash profile described below appears well-suited to this requirement. 

A mass advantage does not necessarily translate to a cost advantage. For 
example, lunar oxygen supply to the L2/lunar oxygen architecture appears to 
have attractive performance. A payback analysis was performed using simple 
scaling equations. In the case of all-cryogenic propulsion, the IMLEO savings is 
about 300 t. per mission, compared to cryogenic/aero-braking from LEO. The 
lunar oxygen production rate needed to fly every Mars opportunity is about 360 
t./yr. The quantity of production and power equipment needed for this 
production rate is not well-defined; a moderately optimistic figure is 1 t. 
equipment per t./yr production. To save 300 t. per mission, 360 t. of production 
equipment is delivered to the lunar surface. Since the ratio IMLEO to lunar 
cargo is about 6, the IMLEO cost is over 20001., and breakeven occurs only 
after 7 to 8 Mars opportunities. 

Use of advanced propulsion reduces the resupply requirement and the payback 
time for lunar oxygen. However, if advanced propulsion is available, why not 
use it directly for the Mars mission? Use of a mass driver to deliver the lunar 
oxygen to L2 (in cannisters) also improves the payback, but introduces another 
new technology. We did not evaluate this option in the present study. 
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Mission Risk Comparison 


Mission risks were compared in a semi-quantitative way. The methodology is 
rigorous and quantitative, but reliability and safety estimates for SEI hardware 
and maneuvers are quite rough. We made representative estimates with an 
attempt to be consistent, i.e. the same type of maneuver was given the sam e 
reliability estimate for all cases. Plausible differences were used, e.g. 
aerocapture was judged higher risk than propulsive capture. Abort modes were 
included where available. A probability of success value is assigned to each 
event, and the cumulative probabilities for mission loss, crew loss, and mission 
success are calculated. 


NTR shows the least risk because of its propulsive capture advantage, and because 
a free return abort was assumed, as it was for the cryo/aerobrake. The NTR/dash 
mode does not permit free return abort or descent abort at Mars, so some mission 
loss risk turns into crew loss risk. As Mars transportation matures and a safe 
refuge on the surface of Mars is available, the NTR/dash mode risk will be 
comparable to the other NTR mode. The NTR split sprint mode also exhibits 
higher risk because of lack of abort modes, e.g. no free return. NEP is shown 
comparable to, but slightly riskier than NTR. The NEP case is sensitive to the 
lifetime dependability of the propulsion system; this figure is much more 
uncertain than NTR reliability. Mars direct has a higher mission loss risk 
because of its complex automated operations, but the crew loss risk is comparable 
to the others. The perception of crew loss risk for Mars direct is probably 
higher than the real risk. 

Man Rating Requirements 

The recommended approach to man-rating includes three elements: (1) Design of 
systems to manned space flight failure tolerance standards, (2) Qualification of 
subsystems according to normal man-rating requirements, and (3) Flight 
demonstration of critical performance capabilities and functions prior to placing 
crews at risk. 

The systems and subsystems for which a man-rating requirement was identified 
are: aerobrakes, cryogenic rocket engines, nuclear rocket engines, cryogenic 
propellant systems, attitude control propulsion systems, nuclear and solar electric 
propulsion systems, environmental control and life support systems (ECLSS), 
crew modules and hab systems, vehicle electrical power, avionics and 
communications systems, and surface transportation systems. Integrated man- 
rating approaches for most of these are presented in this document. 
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On-Orbit Assembly 


The recommended lunar architecture requires no on-orbit assembly until later in 
the program. The initial tandem-direct lunar transfer vehicle (LTV) can be 
launched fully assembled and fueled. Two are needed, requiring in-space 
rendezvous and berthing. Later, a lunar aerobrake may be introduced, but lunar 
aerobrake assembly can probably be accomplished from a shuttle Orbiter payload 
bay. The underslung heavy-cargo version of the LTV will require some 
deployment or assembly as it exceeds the 10-meter diameter we assumed as an 
HLLV diameter limit. 

Operations analyses during the latter part of the study concentrated on alternative 
assembly concepts for the principal architectural options (cryogenic/aerobraking, 
nuclear thermal rocket (NTR), nuclear electric (NEP) and solar electric (SEP)). 
Evaluations of these alternatives have not yet been accomplished. The intent is to 
simplify the assembly facility by simplifying the assembly process through 
vehicle design provisions. 

The NEP presents the most difficult assembly challenge because of its extensive 
fluid systems. The SEP is very large, but the assembly process is repetitive and 
well-suited to robotics. The NTR is easiest, and the cryogenic options somewhat 
more challenging because of the greater diversity of assembly tasks. 

Costs and Schedules 

Initial mass in Earth orbit (IMLEO) is often used for comparisons between 
propulsion options. However, other factors have great cost impact. Reusability 
and reduction of development cost by reducing the number, complexity, size, or 
risk of developments are very important. 

All cost analyses in this study were performed in constant 1990 dollars, i.e. no 
attempt was made to forecast inflation. Development and unit costs for 
architecture elements were estimated using the Boeing Parametric Cost Model. 
Complete DDT&E costs were developed by estimating the equivalent number of 
production units consumed in the development program, e.g. for test articles. 

The first flight article was assumed produced by the DDT&E program; 
subsequent flight articles were assigned to production programs. We adopted a 
minimum production rate of 0.3 units per year. Our scenarios avoided shutdown 
and restart of production lines. Technology advancement and advanced 
development programs were estimated for each option, using available estimates 
for these activities together with our judgments as to what technology 
advancements and advanced developments are necessary. Cryogenic/all- 
propulsive offers the least development cost, with cryogenic/aerobraking and 
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nuclear thermal rocket slightly more. Electric propulsion systems were 
significantly higher; the development cost for solar electric is dependent on 
production cost for large solar arrays. Only with dramatic reduction from 
today’s array costs is solar electric attractive. 

In order to get life cycle costs, technology advancement, advanced development, 
and full-scale development (DDT&E) and production scenarios were established 
for each program activity level. Launch and flight operations were man ifested 
according to the top-level schedules shown earlier. These were loaded into a 
spread-sheet life cycle cost model that generates annual funding profiles 

To evaluate alternative architectures, the alternatives were manif ested (e.g. NTR 
versus cryogenic aerobraking) for the same program scenario, including changes 
in technology advancement, advanced development, DDT&E, production, and 
HLLV launches. Life-cycle costs were generated for the alternatives. This 
provided comparative life cycle cost profiles for which return on investment 
(ROI) could be calculated. 

Results of Return on Investment Analyses 

The representative ROI scenario is that one option has greater front-end 
investment cost, leading to savings later in the program through more advanced 
technology, more hardware reuse, fewer HLLV launches, or combinations 
thereof. We used a criterion that a ROI of 5% or better is acceptable. That is the 
approximate cost of money to the government in constant dollars. Return on 
investment is a severe criterion for front-end investment. To obtain a favorable 
ROI, 10% or better, an investment must generate large savings. The most 
advantageous situations occur when a technology advancement reduces near-term 
DDT&E cost. Technology advancement costs are usually small compared to the 
DDT&E savings and the savings occur soon after the investment. An ROI can be 
calculated only when funding streams cross. 

The case for reusable lunar transportation is negative for a minimum lunar 
program and weak for a median program; it is strong for an industrialization- 
class program. 

The other main results were that nuclear thermal rocket has a favorable ROI 
compared to cryogenics except for the minimum Mars activity level; solar 
electric is attractive if (and only if) array production costs can be brought down 
to about $ 100/watt; nuclear electric DDT&E costs are too high to be attractive, 
leading to a recommendation to reexamine these costs and see what can be done to 
reduce them; technology advancement and advanced developments in cryogenics 
management, advanced engines, and avionics have large positive returns. 
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Specific Results for In-Space Transportation Options 


Each of the principal options could become a preferred selection under plausible 
program circumstances. 

a. For a minimum lunar activity level, a simple tandem-staged direct 
expendable mode is attractive. While expendable systems require continuing 
hardware production, the production lines must be kept open in any case. For 
minimum activity levels, die cost of having open lines produce hardware is quite 
small. At two lunar missions per year, the return on investment for developing 
an efficient reusable lunar orbit rendezvous (LOR) system is only about 5%. 
Programs with activity levels of four or more lunar missions per year benefit 
significantly from efficient reusable lunar transportation. 

b. For a minimum Mars program, consisting of perhaps a half-dozen landings 
of a few days' stay time each (that is what Apollo accomplished on the Moon), 
cryogenic all-propulsive minimum-energy missions with multiple landers, e.g 
two or three per mission for two or three missions, are very attractive. This 
offers the opportunity to briefly explore six sites at minimum cost and minimum 
technology risk (Apollo explored six sites, spending a few days at each site). 
Carrying multiple landers per trip provides a desirable rescue capability. 

One concern with this implementation is that astronauts are committed to almost 
three years in space each Mars mission. There are significant issues regarding 
zero-g and cosmic ray exposure. While these concerns can presumably be dealt 
with, i.e. through zero-g countermeasures, artificial g, or suitable shielding, 
solutions may be costly in mass and complexity . 

c. The performance potential of a nuclear thermal rocket (NTR) leads to less 
initial mass than cryogenic/aerobraking for most mission profiles. A nuclear 
rocket can eliminate the need for high-energy aerocapture at Mars; this is an 
important advantage. On the other hand, the development program for a nuclear 
rocket requires significant investment in effluent containment test facilities. 
Return on investment tradeoff of nuclear rocket versus cryogenic/ aerobraking at 
the median Mars activity level favored the nuclear rocket. If Mars exploration 
progresses to a permanently-occupied base, aerocapture and NTR are 
complementary technologies in the NTR-dash mode; this traded favorably versus 
nuclear electric propulsion in ROI analysis. 

The nuclear thermal rocket improves mission flexibility and reduces constraints 
on mission profiles. A nuclear rocket is the most promising propulsion system 
for fast Mars trips (a year or less). Fast trips, however, are indicated as 
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expensive in terms of total mass and hardware expended. While fast trips are 
technically interesting, they are probably not affordable in a space program with 
constrained funding. 

d. We found that electric propulsion systems are suitable for Mars crew 
transportation if (1) operated from high-altitude nodes such as L2, or (2) boarded 
by the mission crew at about lunar distance, where the crew fly to the electric 
propulsion vehicle on a lunar transfer vehicle (LTV). Trip times are competitive 
with all but fast-trip split-sprint nuclear thermal rocket systems, i.e. about 450 
days for nuclear electric propulsion (NEP) and about 550 days for solar electric 
(SEP). On conjunction fast transfer profiles, NEP delivers 150 to 200 day 
transfers each way and SEP about 250. 

'Hie inherently high reusability and low resupply mass of electric systems offers 
life-cycle cost advantages at high activity levels. Development cost for NEP and 
array production cost for SEP are major issues. Resolution of the array 
production cost issue will require a manufacturing technology program. Cost 
and retum-on-investment results showed that estimated NEP development costs 
are not effectively amortized even at the settlement activity level when compared 
with a nuclear rocket operated in the dash mode. SEP, at current array costs (~ 
$1000 per watt), is estimated as more expensive to develop than NEP. SEP 
becomes very attractive at $ 100/watt, showing about 10% return on investment 
versus NTR at the median activity level. If a low-cost SEP is possible, it is also 
attractive for lunar cargo. 

e. Special architectures offer unique advantages in particular circ umstan ces 
For example, lunar libration point staging is attractive for low-thrust systems 
because spiral operations out from and into Earth's gravity well can be conducted 
by an electric orbit transfer vehicle in parallel with interplanetary transfers by 
the interplanetary SEP or NEP. 

Lunar libration point operations offer reduced Earth launch mass for 
cryogenic/aerobraking profiles through use of lunar oxygen (the return on 
investment in lunar oxygen facilities is not favorable), and to electric propulsion 
systems because the interplanetary vehicle need not execute low-thrust spirals out 
of and returning into Earth's gravity well. Neither of these potential advantages 
applies to nuclear thermal rockets; libration point operations for nuclear rockets 
were not considered. 

Mars direct simplifies flight operations at Mars at the expense and risk of 
propellant production on Mars; it is more efficient than Mars orbit rendezvous in 
a crew transport mode after a base is established, but not as efficient as NTR- 
dash. It appears too risky (lack of abort modes) for an initial mission. Mars 
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direct offers potential advantages where galactic cosmic ray concerns drive us to 
conjunction fast transfer profiles with long surface stays. It is not suitable for 
crew rotation and resupply of a permanent base because it is confined to the 
conjunction profile, and leads to gaps in crew presence at Mars. 

Reusable MEVs using Mars oxygen, and methane or hydrogen if available, are 
interesting as an evolutionary development, mainly because their greater 
reusability may have significant life cycle cost benefit. In our settlement scenario 
analysis, the reusable MEV came on line too late to have a net payoff. This 
concept needs further evaluation. 

Cyclers may be advantageous if interplanetary transfer habitats need extensive 
radiation shielding or if large crews and consequent massive transfer habitats are 
needed to satisfy mission objectives. Early in a Mars program, full cyclers do 
not have enough advantage over simple conjunction all-propulsive (cryogenic or 
nuclear) or aerobraking to merit their need for infra-structure pre-positioning, 
operational complexity and give-up of abort modes. The NTR-dash semi-cylcer 
requires no pre-positioning; it holds much promise for reducing system mass and 
nuclear rocket lifetime requirements 

Artificial Gravity Configurations 

Artificial gravity configurations were developed for the principal propulsion 
options. Practical solutions were found in all cases. The artificial gravity 
configurations ranged from 5% to 20% more massive than zero g configurations. 
Cryogenic all- propulsive and NTR all-propulsive systems adapt to artificial g 
with minimum penalty - the vehicle is simply fitted with a structural truss of 
adequate length and tumbled at an appropriate spin rate during coast periods. 

The cryogenic/aerobraking system is equipped with a deployable tether system 
since die entire Mars transfer vehicle, including artificial g system, must fit 
within the protected region of the aerobrake during Mars aerocapture. Nuclear 
and solar electric systems need to thrust while artificial g is operative, and 
therefore require spin and despin sections with slip rings and mechanical rotating 
joints between. The solar electric stage suffers from not having a dense, compact 
element that can be used as an artificial g rotator counterweight. A concept using 
the entire SEP in an "eccentric rotator" configuration was developed, but the 
cyclic loads placed on the SEP structure and arrays probably require so much 
beef-up that an inert ballast counterweight would prove simpler and less costly. 

The conclusion of the artificial g trade was that all propulsion options can be 
adapted to artificial g, and that the complexity costs will be greater than the 
increased mass costs. Complexity costs for NTR and cryogenic all-propulsive are 
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less than for the other alternatives. The solar electric system adapts least well to 
artificial g. 


MTV7MEV Mission Scenarios 
Operational Orbit Selection 

Mars missions are presumed to depart Earth from the Space Station Freedom 
orbit, adopt an orbit of convenience at Mars, and if reusable, return to the Space 
Station Freedom orbit. Selection of the Mars orbit must observe two factors: 
minimizing interplanetary transfer delta V and access to desired landing sites. 

For high thrust systems, minimum interplanetary delta V occurs when a highly 
elliptic Mars orbit is chosen, arrival and departure occur in plane, and t ransf ers 
between approach and departure hyperbolas and the Mars parking orbit occur 
periapsis- to-periapsis and tangentially, i.e. the parking orbit line of apsides is 
properly aligned for arrival and departure. On conjunction mission profiles, all 
of these conditions can be nearly satisfied by selection of the parking orbit 
inclination and period. On opposition missions, parking orbit period has little 
effect and there are not enough degrees of freedom in the mission design to meet 
all the conditions. The usual result is that the parking orbit line of apsides is 
misaligned for departure, and a delta V penalty is accepted. 

Optimal orbits range from 30 to 60 degrees inclination at Mars. Some opposition 
mission profiles have an optimum delta V parking orbit with retrograde 
inclination and (usually) periapsis on the dark side of the planet Since landing 
occurs near periapsis unless severe deorbit delta V penalties are accepted, this 
study has rejected optimal orbits with periapsis in the dark and instead selected 
the best light-side periapsis orbit 

Most scientific sites of interest at Mars are within 30 degrees of the equator and 
hence accessible from optimal orbits. Availability of Mars water is also an issue; 
this issue may demand access to higher latitudes. The polar caps are also 
scientifically interesting; human missions to the polar caps would require parking 
orbits at higher than 60 degrees inclination or cross-range capability on the part 
of the lander both on descent and ascent. 

Some mission architectures involve establishing an orbital node at Mars and 
therefore return to the same Mars parking orbit on successive missions. This is 
labeled the "standard orbit" problem. A pre limin ary investigation of standard 
orbits did not find any that had acceptably low delta V penalties. The subject 
needs more analysis, with tailoring of interplanetary profiles to obtain better 
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matches to the standard orbit. Architecture recommendations of this study did 
not include architectures that need a standard orbit. 

Low-thrust interplanetary propulsion systems, i.e. nuclear and solar electric, can 
adopt any desired parking orbit with little penalty. This is because low-thrust 
systems must approach and depart from Mars in a rendezvous fashion, and 
therefore the direction from which they approach Mars, in terms of relative 
velocity, has little effect on mission design and system performance. 

MEV propellants 

While the high performance of hydrogen and oxygen is desirable in almost any 
mission situation, storage of these cryogens on Mars' surface brings about 
duration and atmosphere issues. Some Mars mission profiles involve long stay 
times on the surface, up to 600 days. Under our general ground rule of passive 
cryogenic storage means, long stays are problematical. Further, the usual design 
for high-performance cryogenic insulation presumes a vacuum environment. 
Mars' atmosphere, while tenuous, is hardly a vacuum. Therefore, MEVs 
depending on cryogen storage on Mars must have vacuum-jacketed propellant 
tanks. 

The propellant trade is between the mass penalties of cryogenic insulation, 
vacuum jackets, low-density propellants and boiloff but high Isp, versus the 
opposites for storable propellants: very little insulation, no vacuum jacket, high- 
density propellants, and no boiloff, but less Isp. Trade analyses indicate moderate 
to strong advantages of the high Isp cryogens despite their disadvantages. Our 
conclusion is that cryogenics are indicated for short to intermediate surface stays 
of 30 to 90 days but that storables are preferred for longer stays despite a 
moderate mass penalty. Development of advanced storable propellant technology 
including pump-fed engines and gelled hydrazine fuels with al uminum added is 
indicated as having high leverage on mission/ system performance. 

Aerobrake Issues 

Aerocapture lift-to-drag ratio (L/D): Several investigators have converged 
on the result that aero- capture L/D 0.5 is adequate for human Mars missions. 

The delta V to trim the aerocapture orbit to a nominal operations orbit is reduced 
by higher L/D; the amount of reduction needs further study. Our present state of 
understanding permits us to set the design requirement for Mars aerocapture and 
landing L/D between 0.5 and 1.0 but does not enable selection of an optimum 
within this range. 
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Navigation Aids: Successful aerocapture requires precision navigation at 
Mars. Position knowledge to 5 km. or less is needed. In the time frame of 
interest, adequate precision may be attainable by Earth-based tracking and 
navigation. Mission safety demands an onboard capability. Two general avenues 
are promising - (1) artificial navigation aids, i.e. satellites, placed in orbit about 
Mars. Suitable navigation aids can be added to satellites placed in Mars orbit 
mainly for other reasons; (2) optical navigation by sightings of Mars and its 
natural satellites. It may also be helpful to use a radar altimeter upon close 
approach to accurately predict atmosphere entry angle. 

Pinpoint surface landing, e.g. return to a base site, needs much higher accuracy, 
i.e. tens of meters, than aerocapture. When landing from a Mars parking orbit, 
internal inertial navigation will be adequate during all but the terminal portion of 
aero-assisted landing. Final propulsive descent will need landing point aids such 
as a transponder at the landing site or the Mars equivalent of GPS. An alternative 
may be to use terrain matching to obtain a very accurate state vector during aero 
descent. If pinpoint landing directly from a transfer path is required, either a 
Mars GPS or a terrain matching scheme operating during die high-speed portion 
of the descent will be required. 

Structures and Materials: Aerobrake structures are highly loaded and Mars 
vehicle overall mass is sensitive to aerobrake mass. High-performance structures 
have important payoff. Our investigations considered plastic and metal-matrix 
composites and at titanium aluminides as candidates. We have not yet selected 
among these but all are preferable to aluminum structures. 

Aerobraking temperatures for Mars and Earth aerocapture range from shuttle 
tile temperatures to 500 - 1000 C higher. High L/D shapes confine the severe 
heating to a small region on the nose and leading edge. Low L/D shapes have 
very large nose radii, and are predicted to experience severe radiation heating 
over most of the thermal protection system TPS. Lightweight ablators could be 
used, but technology advancements are needed. There is some expectation that 
advances in reradiative TPS materials will be able to handle die 500-1000 C 
increase over current materials. For the high L/D shapes, it appears reasonable 
to use carbon/carbon in the small high-temperature region; most of the high L/D 
brake is within the capabilities of current materials. 

Advanced propulsion systems, and the cryogenic/all propulsive option, do not 
require aerocapture at Mars. In this case, the MEV has a landing-only brake. 
Thermal analyses predict that most of the brake will be within the temperature 
capabilities of titanium aluminide without a TPS. 
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Landing Locations: We performed a brief analysis of Mars landing locations. 
This was not to pre-empt the eventual site selection problem, but to get an idea of 
whether sites of interest lie near the equator, which many do. There are reasons 
to want access, at least on some missions, to higher latitudes. 

High-thrust opposition profiles usually lead to a preferred Mars parking orbit 
inclination of 30 degrees or less. Conjunction profiles sometimes have preferred 
inclinations as high as 60 degrees, giving much greater site access. Low-thrust 
transfer systems can provide any desired inclination with little penalty. 

High L/D Concepts: We developed a family of high L/D shapes, including 
swept hyperboloid wing shapes and bent biconics. These have L/D max 
somewhat greater than 1, and are blunt enough to avoid extreme heating. The 
high L/D shapes avoid the severe radiation heating predicted for the L/D 0.5 
shape, except for a small nose region. The wing family provides high-noimal- 
force shapes for effective use of Mars' thin atmosphere. Center of gravity and 
wake protection requirements are reasonably met The biconic has less normal 
force and is more difficult to package, but could eliminate aerobrake on-orbit 
assembly. One of the wing shapes was carried through conceptual design as a 
reusable MEV; the integration of the shape into a vehicle was straightforward. 
The resulting configuration is similar to the Langley HL-20. 

Risk Analyses and Trades 

Risk analyses were conducted to develop an initial risk assessment for the various 
architectures, considersing development risk, man-rating requirements, and 
several aspects of mission and operations risk. 

Development Risk 

All of the architectures and technologies investgated in this study incur some 
degree of development risk; none are comprised entirely of fully developed 
technology. Development risks are correlated directly with technological 
uncertainties. We identified the following principal risks: 

Cryogenics - High-performance insulation systems, propellant transfer and 
zero-g gauging need technology advancement The tandem-direct system 
recommended elsewhere in this report presents the opportunity to evolve these 
technologies with operations of initial flight systems, avoiding special flight tests. 

Engines - The risk of developing more advanced engines is minimal. An 
advanced development program in this area serves mainly to reduce development 
cost by pioneering the critical features prior to full-scale development. 
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Aerocapture and aerobraking - There are six potential functions, given here 
in approximate ascending order of development risk: aero descent and landing of 
crew capsules returning from the Moon, aerocapture to low Earth orbit of 
returning reusable lunar vehicles, landing of Mars excursion vehicles from Mars 
orbit, aero descent and landing of crew capsules returning from Mars, 
aerocapture to low Earth orbit of returning Mars vehicles, and aerocapture to 
Mars orbit of Mars excursion and Mars transfer vehicles. 

Efficient aerocapture aerobrakes require low mass per unit area, demanding 
efficient structures made from very high performance materials as well as 
efficient, low mass thermal protection materials. 

Launch packaging and on-orbit assembly of large aerobrakes presents a 
significant development risk not yet solved even in a conceptual design sense. 
Existing concepts package poorly or are difficult to assemble or both. 

Nuclear thermal rockets - The basic technology of nuclear thermal rockets 
was developed and demonstrated during the 1960s and early 1970s. The 
development risk to reproduce this technology is minimal, except in testing as 
described below. Current studies recommend advances in engine performance, 
both in specific impulse (higher reactor temperature) and in thrust-to-weight 
ratio (higher reactor power density). The risks in achieving these are modest 
inasmuch as performance targets can be .adjusted to technology perfo rma n ce . 

Design and development of full containment test facilities presents a greater 
development risk than obtaining the needed performance from nuclear reactors 
and engines. 

Electric Propulsion Power Management and Thrusters - Power 
management and thrusters are common to any electric propulsion power source 
(nuclear, solar, or beamed power). Unique power management development 
needs for electric propulsion are (1) minimum mass and long life, (2) high power 
compared to space experience, i.e. megawatts instead of kilowatts, (3) fast arc 
suppression for protection of thrusters. The unique requirements of electric 
propulsion introduce development risks beyond those usually experienced in 
space power systems. 

Only ion thrusters and magnetoplasmadynamic (MPD) arc thrusters can deliver 
the performance needed for space transfer electric propulsion.The development 
alternatives all have significant risk: (1) Advance the state of the art of MPD 
thrusters to achieve high efficiency; (2) Develop propulsion systems with large 
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numbers of thrusters and control systems; or (3) Advance the state of the art of 
ion thrusters to much larger size per thruster. 

Nuclear power for electric propulsion - The development risk in this area 
arises because these are complex systems; there is no experience base for coupling 
a space power reactor to a dynamic power conversion cycle; there is no space 
power experience base at the power levels needed; and these systems require in¬ 
space assembly and checkout. 

Solar power for space transfer propulsion - Required array areas are 
very large. Low-cost arrays, e.g. $100/watt, are necessaiy for affordable system 
costs, and automated construction of the large area structures, arrays, and power 
distribution systems appears also necessary. Most of the solar power risk appears 
as technology advancement risk. If the technology advancements can be 
demonstrated, development risk appears moderate. 

Avionics and software - Avionics and software requirements for space 
transfer systems are generally within the state of the art. New capability needs 
are mainly in the area of vehicle and subsystem health monitoring. This is in part 
an integration problem, but new technoques such as expert and neural systems are 
likely to play an important role. 

Environmental Control and Life Support (ECLS) - The main 
development risk in ECLS is for the Mars transfer habitat system. Other SEI 
space transfer systems have short enough operating durations that shuttle and 
Space Station Freedom ECLS system derivatives will be adequate. 

Man-Rating A pproach : Mission and Operations Risk 

These risk categories include Earth launch, space assembly and orbitasl launch, 
launch windows, mission risk, and mitigation of ionizing radiation and zero-g 
risks. Results were summarized earlier in this section. 
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Lunar/Mars Vehicle Commonality 


Both initial and long-term lunar/Mars vehicle commonality have been addressed in 
the STCAEM contract using the reference MEV, from the 90-day study, as a starting point. 
In an effort to create a "mini-MEV", which would allow two simultaneous landings on 
Mars for the same mass as the reference MEV (~ 801), a potential early commonality 
between the "mini-MEV" and an LEV was realized. The commonality between these two 
landers is evident in both the configuration and the subsystems. Commonality was also 
realized between the MTV and LTV, although the co mmonality does not occur as directly 
as in the lander case. Commonality between the MTV and LTV occurs mainl y at the 
subsystems (avionics, engines, etc.) and fabrication level. Since the mission durations of 
the two vehicles are substantially different, the transfer habitation modules are obviously 
different; however, the fabrication technology and module subsystems have potential 
commonality. 

The addition of a 301 of cargo to the surface requirement for both l unar and Mars 
missions made the commonality problem substantially different and more complicated. At 
root is the different gravity fields of the Moon and Mars, and the need to accommodate 
aerobraking at Mars. The aero braking complication can be resolved in a number of ways. 
Four viable solutions were identified and studied through preliminary configurations and 
mass analysis. 

The first solution is to design for a larger acrobrake. This solution requires an 
answer to the question, "How large an aerobrake is reasonable?" Some innovative 
operations concepts (like launching an intact aerobrake on the side of a launch vehicle) are 
much more tolerant of larger brakes than others (like cutting the brake into sections, 
packing diem into shrouds, and assembling them on orbit). The second solution is to allow 
payload penetration into the wake heating zone by putting a thermal protection shroud over 
the payload so that the aerobrake can remain smaller. This solution a dds complication to 
the aerobrake as well as mass, which may not be desirable, and cannot avoid some increase 
in size anyway. A third solution is to alter the flight geometry (fly < 0.5 L/D), which » 
would allow virtually no cross-range, and is not thought to be possible with current GN&C 
technology. The fourth solution is to design a flatter vehicle to fit within the protected 
wake cone. This can be done in three different ways: (1) flying no-engine-out when the 
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vehicle is empty (the presence of top-loaded payload raises the CM into the gimbal- 
accessible range), which permits sacrificing the vehicle; (2) using a larger launch shroud 
(10 m) while still maintaining the ability to launch the propulsion stage intact, which would 
seem to lead to a squatter vehicle but suffers from the same engine-out problem; (3) or 
splitting engines geometrically, and increasing their number, to accommodate en gine -out 
through opposing shut-off (this requires 50 % more engines than a clustered 
configuration). 

None of the potential solutions are particularly appe alin g from a balanced- 
requirements point of view. Commonality can apply at the level of subsystem, system or 
entire vehicle. There are many differences between lunar and Mars missions (aerobraking, 
trip time, environment, etc.) which are difficult, if not impractical, to acco mmoda te 
simultaneously at the vehicle level. Forcing such extensive vehicle commonality turns 
commonality from an asset into a driving requirement, resulting in performance liabilities 
for both lunar and Mars cases. Our conclusion is that commonality is best achieved at the 
system level (engine, tank, crew system) and subsystem level (avionics modules, ECLSS 
components, propulsion subassemblies). 
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Full-size Lunar/Mars 
Excursion Vehicle Commonality 
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Space Transfer Design for Commonality 
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MEV CADD Models 
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LTV/LEV Configuration 
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upon return to Earth. 



Top View (LTV) 
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Mini-MEV 


•C ^ 


£ o> 
O .N 

« P 


£ cc 

1 J 

“ T3 

u u 

•s-s 

2 § 

C M 

*5 if 

o tZ 


*o — 

c S 

.2Pg 

qo 2 

•8 i 

> « 

m oo 


£’Oin 

s-8® 

JTg n 

* »n 

J«§ 

m 09 . 

C8 3 ■ 

a? 12 

£i 1 

C«oc 

o ►* g 

O 00 «J 

Ui 

03 OS 3 

•2 I f 

8 b« 

O CO -o 

*gcc 

O 08 

C ••• 

£ a £ 

o*o-2f 

> o 
co uj; 


*2 "2 
00 C3 

5 o 

E z 
5 8* 

O' c 

8 S 


E £ 

tP « 

t: = 

S.« 

» ? 

.c .5 

* a 

BO 3 

-S o. 
§2 
O || 
'f M U 

E .5 

2 =>> 
« 5*5 
>» g .2 

» O i 

C8 ^ 8 
WWW 

OS ® 
c o o 

.2 2 3 

E S §• 
2 m u 
| 2 8 

* o**S 

5 8 2 
£ s a 
00** o. 
s o a 

£ - g. 

£ «0 

* *s o 
*o c > 
&> u &> 

.a b*° 
2 0.0 
O x V) 

o fig 

>;«§> 
•- S « 

tM CQ rj 

S’®. 8 

§ o g c 

*i | 

o.a'g 

U E g. 


D615-10026-1 


48 




Common Lunar/Mars Vehicle Configuration Options 
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Common Lunar/Mars Vehicle 
Configuration Options 
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Manned: crew of 6, immediate transfer to surf hab module 
Stay time: for Asc stg propellant boilojf calculation only 
** Maxium surface cargo load for these lunar cases when all tanks are fill (not ojf loaded as in column 4) 

* Commonality across vehicles is realised by using a common propulsion stg: identical engs, structure, MPS & RCS tank set 
differences consist in: aerobrakes, cargo load, tank prop load (offloaded tanks in columns l & 4) 
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Options / Alternatives 
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Mars/Lunar Lander Trade Categories 
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Mars/Lunar Lander Trade Categori 
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w a cargo release/unload mechanism 
fails, veh will be incapable of operation 
as an ascent veh for return to oibit 

Ihe 0,T ,oadin 8 would 
be highly beneficial in this respect 

/STCAEM/crf/17Oct90 
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Cargo Delivery Emphasis-Common Mars/Lunar Lander 

Undercarriage cargoluptop engine position LEVIMEV 
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DLil 97f Car go emphasis com Af/L lander 
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Lunar/Mars Surface to Surface Suborbital Transfers 
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NASA JSC 
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DOWNRANGI (dtf | OOWNIUNGt (d.,| 

Downrange: Ltiffflr; l rfcg - .ft) f foil Downranee: Lunnr- 1 A»o = , 

Dala from Lunar/Mars Common Vehicle Study, Mission support directorate, Sept 1989 NASA JSC 
/STC A BM/crf/17Oci90 
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Martian Surface to Surface Suborbital Transfers 

for combination LanderlHopper Vehicle Second Site Exploration Sorties 

' ' ------- JBMWA 

Vehicle hop'dV (mis) vs translation range (km) 

(TIW - 1.5, lsp=470 sec, W/CdA = 500) 
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Lander Versatility Trades 





Incorporation of Secondary Characteristics into LEV Design: 
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Impacts on LEV design: Secondary Characteristics 
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LEV Secondary Requirements Trades: 
9 Site to Site 9 Transfer of Surface Cargo 
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Second Site Capability for Surface Rover Crew Recovery 
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Rover Crew Recovery: Impact on LEV Design 

Crew returned to Base via LEV 
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Second Site Capability for Surface Pressurized Rover Recovery 
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Rover Recovery : Impact on LEV Design & Ops 

Returned to Base via LEV 
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Secure rover and preparation for ascent 



Second Site Capability for Surface Pressurized Rover Replacement 
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Pressurized Rover Replacement: Impact on LEV Desi 

Base Surf Hab Module Transfer to Second Site via LEV 



D615-10026-1 


85 


range for hop (km) 






LEV/MEV Commonality Findings 
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• Boiloff or refrigeration? 

Realistic lunar and Mars cargo may be substantially different 
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All Propulsive Chemical V ehicle tor uonj Mission 

ingle MEV ;30t surf cargo, crew of 3 for 90 days on surf, 1 crew member left in orbit, Common tank sets for MTV stgs 
dV's: TM! dV= 3900 m/s, MOC-1530 m/s, TEI= 860, E arr Vinf=3200,TMI, MOC,TEl eng Isp=475, MEV eng lsp=460 







Common Mars/Lunar Lander Vehicle - Cargo & Manned Versions 

Mars desc propul AV: 773, AscAV:5319, Lunar asc & desc £V: 2100, all cryo prop lsp-475 
Single stage vehicle - aeroshell, cargo and landing legs left on surface 
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Lunar/Mars Excursion Vehicle Commonality 
Updated Preliminary Conclusions 
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Lunar/Mars Excursion Vehicle Commonality 
Updated Preliminary Conclusions 



Subsystem commonality (engines, mechanisms, avionics, ACS) is probably 
appropriate for the larger class vehicles 




STCAEM Commonality Assessment 


o .2 
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LEV/MEV Commonality Conclusions 
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lEV / Mil/V commonality Conclusions 



System and subsystem commonality (crew cabs, engines, 
mechanisms, avionics modules, ACS, perhaps tanks) 
appears more appropriate for the larger class vehicles 
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Lunar/Mars Mission Operations 


Lunar Architectures 

Seven lunar flight modes have been identified to accomplish lunar missions. The 
concepts consist of a "kit-of-paits" that could be assembled to accomplish any of the seven 
mission modes. The "kit-of-parts" includes a 1101 propellant stage, a 251 propellant 
stage, an excursion crew module, a transfer crew module, landing legs, a cargo pallet and 
an aerobrake. These components are configured into LEV-like and LTV-like vehicles, and 
are shown assembled for each of the seven mission modes. 


LTV/LEV Habitat Module Study 

This study was conducted to determine the most reasonable crew modules that can 
be used in the LEV/LTV system. For transfer modules used in conjunction with excursion 
modules, the modules used with separate aerobrakes are more mass-efficient because of 
their simplifi ed shape. The single module approach, using one module for both transfer 
and excursion, is more sensitive to crew size than it is to mission duration, making crew 
size determination critical. Excursion modules used in conjunction with transfer modules 
are also more sensitive to crew size than to mission duration. (A separate surface module 
becomes desirable for mission durations grater than or equal to 5 days.) 


Long-Durat ion Habitation Trade Study 

This trade study was conducted to design a reasonable habitation concept for long- 
duration missions (1000 days) to be integrated into STCAEM Mars transportation system 
concepts. The study generated a process - developing metrics and prioritizing them to 
derive a solution — which can be applied to any hab system trade study. The study 
investigated 5 crew sizes, 3 module diameters (most likely launch shroud diameters), 
and 1480 distinct options. These options were evaluated via topology and geometry 
comparisons, a preference survey, mass analyses, and integration and fabrication analyses. 
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The reference Mars transfer habitat is a single cylindrical module 7.6 m in 
diameter, divided for safety by an interior pressure bulkhead, which can accommodate 
crews for up to 1000 cL Major features of the module are as follows: 

• 2:1 aspect ratio, impenetrated end domes 

• Cross-section, bisecting bulkhead 

• 2 floors parallel to the major axis ("banana-split") 

• Diametral tension-tie, deep second floor 

• g-field optimized, to provide extensive commonality across architecture 

The internal pressurized volume was derived from a plot of historical spacecraft total 
pressurized specific volume (volume per crew member) versus mission duration. The 
curve suggests a 112 m^/person volume for 1000 d durations (worst case round trip 
time for a flyby abort in conjunction mode). 

Functionally, a unitary vessel minimizes leakage and parts count, while the 7.6 m 
di a me ter allows a wide variety of internal outfitting designs. The diametral floor maximizes 
n omin a l floor area on the upper floor, as well as the potential for a mass-reducing tension 
tie (analogous to airliner structures). A unitary vessel also provides a compact domain, 
which is preferable from a crew safety access-time standpoint. 

Integration issues addressed were launch, orbital assembly and aerobrake 
integration. A launch shroud diameter of at least 7.6 m is likely to be available early for 
SEI. The chosen concept lends itself well to aerobrake integration, and even larger crews 
(> 12) could be accommodated through simple clustering. 

A simple hu m a n perception survey showed that technical people, used as a model 
for early SEI crews, tend to perceive larger diameter concepts as more spacious, 
independent of actual volume equality. The 7.6 m diameter module also provides a better 
plan aspect ratio than smaller diameters, when oriented “horizontally”, to offset the feeling 
of living in a tunnel. 

The chosen design is essentially the lightest-mass concept investigated, critical for 
interplanetary transportation. The concept is also a prime candidate for materia l and 
processing improvements, which could lower mass and production costs even further. 
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Finally, the concept facilitates commonality in growth architectures as well'as for surface 
system applications. 
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Liunar Vehicle Configurations 
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LTV/LEV Habitat Module Study 
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L i WLEV Habitat Module Study 
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xcursion module in conjunction with transfer module 
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LTV/LEV Crew Volume Guidelines 
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Mission Duration (days) 



Lunar Transfer Modules Configuration Envelopes 


O 

D 


C 

CO 


*o 

« . 

r 

CO QJ 


2 - 

v © 

CO — 
fa- O 
tP Cu 

•a < 

c = 

co — 

fa. — 

~ CO 

flj 

• • 


© 

CO 

• 

CO 

*0 

s 

CO 

& 

CO 

J= 

CO 

CO 

0 

■0 

b 

0 


£ 

c 

fa. 


,© 

a 

CO 

8 

C 

CO 

*5 

Jm 

0 

cn 

s 

0 ) 



* b 

O C 

60 w 
© Q 

N oj 

.fe 

> s 
■s o 

-2 

2 i 

o 

2 x 

€ 

w 

CO 

£ ‘SS 
o a 
jz « 

w is 

tS -o 

2 c 

•r: os 

o . 

CO 

is 


D615-10026-1 


114 


sadoiaAira umje inS'iiio"* 



D615-10026-1 


115 


mru I T “KOI f 1 U»r6 t t UI zl 












Lunar Transfer Module Mass Summary 
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Operates in conjunction with an excursion module 
Sized for a 24 day free return abort 
"Direct-entry" module is an "Apollo" shape 






Lunar Transler/Excursion Direcl Entry Module Mass Summary 
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• In conjunction with a transfer vehicle (LTV/LEV scenario) 

• Excursion module only - no direct Earth entry or transfer 



Lunar Excursion Modules Configuration Envelopes 
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NOT E: All modules 4.4m diameter 













Lunar Excursion Module Mass Summary 
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• uperates in conjunction with a transfer vehicle 

• 1 day duration includes 1 repress 

• 14 and over durations include an airlock and 2 represses 









Common Short-Duration Crew Module 
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Lunar Transportation Family (LTF) 
Preferred Evolution 
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Lunar Transportation Family 

Preferred Evolution 
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Lunar Transportation Family 
Systems Required for Varying Missions 
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Lunar transportation Lamiiy 

Systems Required for Varying Missions 
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Lunar Transportation Family 
Configurations 
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Lunar Transportation Family 

Tandem-Direct Cargo 
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Boost Stage . p 00st sla g e f| j es without an aerobrake 

initially in an all expendable mode 
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Lunar Transportation Family 

Tandem-Direct Crew 
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Lunar Transportation Family 

Tandem-Direct Large Cargo 
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Lunar Transportation Family 

LOR Cargo 
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Lunar Transportation Family 

LOR Crew and Cargo 
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Lunar Transportation Family 

LOR Cargo using LLOX 
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Lunar Transportation Family 

LOR Crew using LLOX 
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Lunar Transportation Family 

Cargo Delivery Through Lj 
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Lunar Transportation Family 

NTR Resupply 
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Delivered resupply propellant is used 
to transfer NTR to SSF orbit 
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NEP/SEP Crew Delivery 
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LOR Excursion Vehicle 
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LOR Excursion Vehicle 
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Long-duration Habitat Trade Study 
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Long-duration Habitat Trade Study 
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Long-duration Habitat Trade Study Summary 
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MTV Habitat Trade Study 
Motivation 
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Mass more critical for transportation systems than for LEO facilities 
Crew system is the MTV payload; comprises about 1/4 of MTV mass 
Sizes propulsion system, structure, aerobrake (if one) 

Constrains integrated vehicle configuration for some propulsion options 



Habitat Module Evolutionary Context 
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• Select a reference concept for immediate application in current MTV concept 
definition for the STCAEM Study 



MTV Habitat Trade Space 
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MTV Habitat Trade Space 



Analysis techniques key 


































































Pressurized Cabin Diameter Comparison 
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MTV Hab Trade Tree 
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MTV Hab Trade Discriminators 
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MTV flab Trade Discriminators 
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MTV Hab Trade Non-discriminators 
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MTV Hab Trade Non-discriminators 
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Hatches & windows 

(used specifically for EVA) 



MTV Habitat Trade Study Assumptions 
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Volume Guidelines 
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MTV Hab Trade Volume Guidelines 
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Module Structure Concept Guidelines and Assumptions 


.2 js 

* 2 

«- o 

a & 

•a & 


£3-52 
55 w 

CO s> 

v. S 

a g 

n 2 
V C5 

•g-O 

as 

-1 

e ® 

p 

S.S 

£ £ 

s w 

“ > 
^5 08 

S-c 

>1 

« 5= 


§ 8^2*15 *J 

•— P ed *- 4) 

73 O W 00 00 c w 

tS *S 'C « C O w . 
* 2 w Z3 V *M .M ai • 

'O u c •o t; — ’ 

s c £ « § .s •_= 

5 « o > 5'C-g 

c - Sv ? c 3 > • 
S eo — 5 «o ^ 

. pq C 3 W3 »f5 

8f S.S “ gl 
g, I — - •§ E-l- 
? = s S | S i • 

.S 75 - p f ° i 

s -o B 2 5 s 3 

c: p Z c oo 

o S fi o ^ a .£ 
MS s a 1 ?. » « - 

e a* « sris 2 3 1 


«p *6 
•o * 

&•§ 
C 80 

o — 

o g 

fi S 

* gj 
M CO 
4) 

p£S • 

o >% 

C8 *0 

e a 

Cl «o 

S'* 
e fi 

2 73 
2.5 
2 x> 

A 

CO .S 


JiS’sgJaS: 
p= 53 fi 2 « S o * 

.op * D £ ^ c — 

*® *cL p *— 2 2 2 
.►> g tL o * § 

2 *53 J> p p « Z 
<o >>£ w 2 c q 

1^1 «.g S!P- 

5’2Eg« , g B3 - 

8 § == - » p e> 

•f g€p g* 

2 ® te S • 
2 p 1 £ 2 « S 
^s2c-o # - 

w « «e es C 3 - 

m S •« <o c *0 

a 85 s||f =• 

P O » »! « 


2 « go. £j '§ 

■SgP ga-s-i 

8?-o . * fig T 

2 «•© § P - W x: 

S >» .2 Cim - .op 

e >2t>g°§« 

>ol^«2e s ^ 

p ~ £ 2 8.2 

•8i a 8 p tae 

U ^ O A r 3 *3 

2 -< 00 "®* 

S'* ■“ S 2 2 2 a 
• 5 c -3 — 2 Ou s 

cp 2 B* «S ,* p s 

illlggei 

*73 mw P P *C so CO 


Jc £ 

co Z 


D615-10026-1 


188 




D615-10026-1 



















Representative Geometry Options to Scale 
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Representative Geometry Options to Scale 

4 Crew 
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Representative Geometry Options to Scale 

6 Crew 










epresentative Geometry Options to Scale 

8 Crew 
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Representative Geometry Options to Scale 

10 Crew 
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Representative Geometry Options to Scale 

12 Crew 













































Topology Analysis Metrics 
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Ranked based on - Lower numbers are nard 10 package oenim 

Aerobrake configuration aerobrakes while keeping brake size small 

integration experience: 

0.1 - 0.9 - Changes with aerobrake L/D 






















D615-10026-1 


198 



Topology Analysis Metrics (2) 
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Module Cluster Topology Analysis 
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Module Cluster Topology Analysis (3) 

































































Module Cluster Topology Analysis (4) 
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designates topologies Included for further analysis 
































Topology Metric Analysis 
Aerobrake Integration Factor 
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Topology Metric Analysis 

Aerobrake Integration Factor 



Topology 

Topologies vary widely in their ability to be integrated easily behind aerobrakes. 
The clusters are assessed regardless of module length. 

Comparisons are most useful among clusters with the same number of modules. 




. Topology Metric Analysis 
Safe-Haven Split Factor 
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Requiring the worst-case safe-haven scenario to leave at least hair the original habitable 
volume (Fss > 0.5) eliminates many possible topologies 




Topology Metric Analysis 
Spatial Units Factor 
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Opportunities for spatial variety may be enhanced in clusters consisting of more modules 









































Topology Metric Analysis 
Parts Count Factor 
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The parts count increases quickly as topologies get more complex. However, the 
differential increase becomes less significant with larger numbers of modules 



Topology Metric Analysis 
Proximity Convenience Factor 
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Topology Metric Analysis 
Circulation Efficiency Factor 
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Options preferable for other reasons rarely tend to have the fewest connecting tunnels; 
however, suitable candidates can be selected from all cluster groups 



MTV Hab "Tunnel" Arrangements 
Cross Section Properties 
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MTV Hab "Tunnel" Arrangements 

7.6 m-diameter Cross Section Properties 



Floor area: 11.4m /m 
Accessible off-nominal volume: 22 % 
Maximum ceiling height: 3.2 m 



Hab 1 tinner Arrangements 

diameter Cross Section Properties 










MTV Hab "Tunnel" Arrangements 

4.4 m-diameter Cross Section Properties 
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Floor area: 3.2 m /m 

Accessible off-nominal volume: 31 % 

Maximum ceiling height: 2.8 m 



Geometry Analysis Metrics 
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Geometry Analysis Metrics 
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floor area (configuration-dependent) 





Geometry Analysis Metrics (2) 



(continued) 








Geometry Analysis Metrics (3) 



- Higher numbers indicate a wider range 














Habitation Module Geometry Metrics 
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Geometry Metric Analysis 
"Inhabitability Factor" 
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There is more specific nominal floor area in stacked configurations 
than in tunnel configurations, regardless of module diameter. 





Geometry Metric Analysis 
"Vault Factor" 
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mall-diameter and medium-diameter stacked modules 
have less generous overhead vaulted spaces. 







Geometry Metric Analysis 
"Domain Factor" 
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Small-diameter modules would seem to cover more territory, 
but larger diameter modules allow shorter emergency access times. 





Geometry Metric Analysis 
"Hallway Factor" 
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Geometry Metric Analysis 

"Hallway Factor" 



Medium and large diameter options provide 
more evenly-proportioned spatial units. 




Geometry Metric Analysis 
"Spaciousness Factor" 
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Domed spaces appear more spacious for small crew sizes. Willi fixed 
diameter, barrel-vaulted spaces trade better for larger crew sizes. 



Geometry Metric Analysis 
"Variety Factor" 
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Stacked, and most cluster, configurations provide more opportunities 
for functionally unique spatial units than do tunnel configurations. 










Geometry Metric Analysis 
"Elevator Factor" 
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Geometry Metric Analysis 

"Elevator Factor" 



Stacked options for large crew sizes have an excessive 
number of floors in gravity orientations. Medium and large 
diameter tunnel options work inefficiently for small crew sizes. 





Geometry Metric Analysis 
"Perimeter Factor" 
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ueometry Metric Analysis 

" Perimeter Factor" 



Although there are modest differences among cluster options due to 
tunnel openings, these modules provide more inherent wall space than 
larger diameter options because of their greater surface area. 





Geometry Metric Analysis 
"Pathway Factor" 
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2 t 


The intermediate range numbers (■'-10 to 100) provide sufficient circulation 
options to mitigate boredom, without incurring an excessive hardware penalty. 











Geometry Metric Analysis 
"Scale Factor" 
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Ueometry Metric Analysis 

"Scale Factor" 
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Activity & Proximity Analysis 
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Activity & Proximity Analysis 



D615-10026-1 


2. 


The proximity analysis provides the basis for developing interior configurations which work and 
which address the unique requirements of long-duration spaceflight 








Reference Configurations 
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Reference Configuration 

4Sg2-2/l & 4Lg3-li 














Reference Configuration 

8Lg3-h 

























Reference Configuration 

12Lg3-h 
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Using the configuration sketches as points of reference, we solicited the opinions of 56 Boeing 
employees, asking them to indicate their module type preference on a scale of l-io between the 
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Hatches associated with airlocks / EVA 

Windows 

Floors 

Walls 

Subsystem mounting standoffs 




Pressure Vessel Mass Analysis 
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30 pressure vessel concepts were weighed, covering a wide range of sizes, types and configurations 









4.4m-diameter Module-cluster Mass Analysis 
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4.4m-diameter Module-cluster Mass Analysis 



Clustering modules together weighs much more than extending the modules' lengths 





7.6m-diameter Module Mass Analysis 
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Crew size is a non-linear independent variable for the medium-diameter module; flatter end-domes 
and longitudinal bulkheads increase mass dramatically 





lOm-diameter Module Mass Analysis 
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lOm-diameter Module Mass Analysis 
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Flatter end domes have dramatically Increased masses; the longitudinal bulkhead orientation 
is heavier and is more sensitive to crew size increases 




Reference Concept Mass Analysis 
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Reference Concept Mass Analysis 
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Outfitting Equipment Mass Estimation 
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Outfitting Equipment Mass Estimation 
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Long-duration Module Outfitted Mass 
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Long-duration Module Outfitted Mass 
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Habitation Module Fabrication Technologies 



Organic matrix composites 
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Habitation Module Fabrication Technologies 
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Habitation Module Fabrication Options 
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Habitation Module Fabrication Options 



Composite design Aluminum Alloy 

- Concave panel - Brazed or adhesive bonded 

- Honeycomb 

• Metal matrix face sheet - Hot pressed SiC / Al, brazed to A! core 

- Organic matrix face sheet - Graphite/epoxy layup, adhesive bonded to Al core 




Organic Matrix Composites 
Metal Matrix Composites 
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Metal Matrix Composites 




Habilation Module Materials Technologies 


S « *5 ao c Jr? 

.2 2 c o « 

3 u 3 s a o 

3 3 o 2 e 

•r* c3 s t: c «o 

5 •§ c 5 o « — 

•£ *2 *- Q- w oo t; 

.S'o 3 a §: 

^ g o o * s * 

o ft — w u S 50 

ri U o 5 C9 

« "o 2 c ^ vs 

s= fi *S a -s « « 
-§■*£18" 

•so o « 3 g £ 

o£ B - °* § a 

r-2|2<2 | 

•" e « 2 5 b. 

i- “ c . d. 5S 
3 3 '3 3 8 B 
O U*S C 2 » 3 

<*- a E — •§ .B is 

a I 8 S | c 1 

— e 2 C O ca =5 
eo ^ t- C •0) 
o; o oo Li 

** 2 c w c 

*o 2 s *3 Jj* 

« au-s fc 2 -g 

.3 x 3 2 c 2 ^ 

50 — 2 c a) o 

jg « E a “is 

fj i i 2 ! s 


€ " B C 8 5 s 
O a « 3 g 

B <»! a _ « -a 

" 2 ri C i- S U 

e .11 * - -■§ 

iaggSctt 
•O ° *s g « •- 2 

o i2 •= 2 c.2 3 
*3 « £ JS.2JS © 

|Io 3 £ ¥ * 

8 S 35 a|ii 

11 •£ S E c 1 

|-as s«g•§ 

S © g -s .2 8 f 

c o o «- o s 

C c D. O C *0 O 


D615-10026-1 


288 





D615-10026-1 


289 





60 X.’O 60 

.£ fr .2 = 

T3 u t -O 

o o s 2 

'll „ »1 u 

85 2 « -s 
«- 

©-© £ © 
4> 3 O 05 

«£ S „ 2 

^•S’ 3 I 

•— es <*. ,« 
« t O 1 *" 

3 w 

— j O W K 

■8* o-S 

S'- - 2 
-°S5 
S“ 00 ■*- 

g s ^ o 

c e a e 
© e ^ o 

.g Jj g jf 

l^- 2 £ 

s r^8 

T3 « 3 cs 

t 13 C© 3 


~ jfftj £.22 ©2 

.t; © *jjj .£* Jr ■“ o 

^ "5 S o M 8 

^ 2 603 «= -S £ 


U 2 o “ 

Joo2C.SE 

S. J .£ g S3 a I 

Sq^^O 

Si ep © £* W. w 

8 U3 S £ u c 5 

O *"* S c * *5 

© a *5 § F f" © 

C T >• S r \ 3 
P ** > • W «o 

5J • 2 T3 ” 2 

CS T2 T3 ’5 —- 
U ca d © "O os 

b u u ^<C e h 


2 « ,2 -d os 
^ o o j-C c 2 
5 ,t: £ «o >. 88 e 
« G 5g.S. s 

© >* , a 2 > ?- *rr 

2 a “ 5 ® ® » 

r S J “ S 

e z> 2 3 — c u , 
- 2 t w o o J 
fls # S2*s|, 

« o ^ 2 3 g-1 


’© = <00=5-5.2 2 

o > 2 3 9*12 w 

£ “| !l-B * 

O — ^ sT 1 *- © u 2 5 

8 


^o< g, 

S.2H J 

*- o 60 2 

b cjCC 

S u£ S 

° *z~ 

*2 w -£ _g 
8 o © . 

8 *S «2 >% 

2 2 = *o 

50 '3 ^ 2 

c £ ^ 5 

2 *C *5 a> 

* o ;t3 

u w 5 ^ 

I •© u. - 

^ 3 VN Jc tfl 

*■» S ^ fP 

S-"g •&•§ 

§ =1 
^ - ii 2 s 
£ © 85 8 


O — w 3 :^ o u 
P- # t- j* X> O o 
oJ3°^C- 
© e >, = <~ .© 

.£ .£ 00 ^ .go- 

3 j£ 2 O O C 

^ M o .2P«i &o.o 

iSsrisi 

o E 8 « = > 2’ 

> © ~ 5 2 * — • 

r ^ — ■o © 2 

to w o ^ c w ' o 
c 3 a e c u- c _ 

.2 ^ r § 3 2 §! 
8 = 2 -2 J- I « 

^ O P 73 IS 03 


- w ttJ TO W w 

tfl w o ^ C O o 

is? lisle 

8=2 -2 Z I os w 

P-O Oft ce g. 

cp?«2 s, s 
o C .v 4> •- « — £ 

nO W SJi 3 fcft W 

|f =111 g*s 

^ i s J 1 g § .s 
*rj5 o E 0 ® S 

So e *E£ o 5 © 2 

I is -s* s 

«1 I £ 8 

2 «'?« 


5 6 w oo 

> « *0 3 J3 

4) 2 C C5u3S 

CO 3 a o <s 


S © J 2 

£.2 § 

*21. 

t = <U 

o-a p 
o * i * 
a m g 
c P* 

*Q O flj 

4) ts 

TJ L, W 
2©* 
I«i 

*S *£ o 

is^ 

.22 « S 
60 © 3 
C © <m 

O © « 

o v) Jr 

•w w 

■=e o 

3 ca 

f ^*03 

•5 >» c 

«j 4i 

6 « .52 o» 

— t- e 

o. > o 
S’ O 
u g w 

§•= § 

3 g-s 

.22 - © 

5 c .2 

r § 2 
IlSc 

Joi 


2 "S- 

_ Cu 
« « 
*5 8 


c w 

O *3 

• mm 


_ o o 

«s s 2 

I set 

03 O w ’3 

P *3 3 -5 


e« 03 - 

I © 

5 o.’ 


CU 08 

© <— 
© *t3 

5 2 

8 8 

u 8 

f & 


*= ^ o *o 
Sftii 

© 5 c © 

© ^ •© a 

© *5 2 >» 

cd “ 

Q, O 

* o 05 O 

c .2 s > 

Q 03 O ^ 

W c .3 03 

« .5 tfj - 

O U M CO 

e .=i o 


D615-10026-1 


290 


(continued) 


Module Concept Selection 









Module Concept Selection 
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• Lightest weight (transportation cost critical for exploration vehicles) 

• Welded-metal technology feasible here, well-understood 

• Prime opportunity for M&P Improvements, however 

• End dome complication less than for 10 m size 

• Commonality In growth architectures more appropriate for surface system applications 





Selected Module Concept 
Estimated Total Mass 


o £ 

co o 

s 5 


rr O 
Cn 


■£ 5 


3 ^ 


"o .9- 

O 3 
O CT 
o o 

O Ci) r 

4/5 = o 


£ 3 £ 
^ © ra 
a> J= o 

*ri + 
w U5 O 


£ S W 
« £ a 
*-o § 
2 

..5 <u 

o o J2 

1/5 Cfl “ 

(« c /3 O 
rt f3 r 

E *o 5 

— = Si 

2 ^ t: 

S"5^ 

•rt ^ ^3 

B 2 E 

p u2 

C t-, w 

•S 3 'O 

co 52 <u 
v c> Jr? 
J~ CX ^ 

w O ~ 

o J 52 

u. *3 C 

« o> .2 
•o "a 
ii .2 '> 
2 "3 p 
J.S a 


^ "S 

u ^ 
O HJ 


c Q-> 
a id 

C3I 
C/5 C/5 

u u 
o o 


CJ P «g • 

Q-> S3 *> c 

9* « * g 

P >>*o E 

o «° « .9. 

<-> C W 3 


<-> 55 _. 

3 W t3 
-O CS C 

£ >> 5 

^"ra X 

S3 S 0 

It £ § 

O U —5 

(U <w c 
*£ 60 J* 

*n CJQ 

£ « £ 

5 22 

*T"3 #■* 

tu *3 * w 
-a 2 a> 

X J-> CO 


c =3 w 

CO >> 
w CO 

® a 2 

Cu co 


D615-10026-1 


294 
















D615-10026-1 


296 



Large Crew Size Impact Assessment 


From the time of von Braun's Das Marsprojekt through the 90 Day Study, 
acceptable crew sizes for Mars-class missions decreased from 70 to 4. That shift can be 
credited partly to our sobering experience with the true complexity of advanced space 
exploration; partly to advances in robotic science and the automation of formerly h uman 
jobs; partly to attention to real, modem space budgets; and partly to implicit changes in our 
conception of what the exploration of planets is all about. Nonetheless, STCAEM 
concluded that 4 is too small to be practical or safe. Twice that number, or 8, provides a 
realistic, minimum skill mix. Our long-duration habitat trade study generated a singular 
module concept capable of supporting 12, more if clustered together. Twice 8, or 16, is 
a number about right for a bevy of really specialized scientists to investigate Mars during 
conjunction-class surface stays. And twice that, or 32, approaches a crew size range 
appropriate for transporting settlers to the red planet. Since we do not yet know what 
visions will come to guide SEI as it grows, we need to apply our modem understanding of 
Mars mission technologies, consolidated so far in the STCAEM reference in-space 
transportation concepts keyed to just 4 crew, to larger crew sizes. 

We performed an evolutionary Large Crew Size impact assessment for crew sizes 
of 8, 16 and 32, looking at Mars mission masses and vehicle strategies for all five prime 
propulsion candidates, aerobraking constraints, habitat system clustering and staging 
implications, vehicle configuration impacts, and life support strategies. As expected, 
advanced propulsion has high mass-limiting leverage for Mars missions, as does the use of 
conjunction profiles. Both CAP and CAB (the latter flying opposition profiles, of course) 
are not cost-effective for the large payload masses required by large crew sizes. Because 
SEP power level scales linearly with area, that option appears better suited to flotilla 
approaches than "large-vehicle" approaches, although this is sensitive to trip time 
requirements. NEP scales very well, as does NTR. Aerobraking was found to be 
theoretically feasible at Mars for vehicles of order 64 times heavier than our reference 
vehicles, assuming similar geometries; therefore, limitations on aerobraked vehicle size are 
intrinsic, having to do with assembly and trim during flight rather than atmosphere 
properties. Beyond a certain crew size, (assumed to be between 16 and 32 in this 
assessment), the use of RMEVs pays off. In settlement scenarios where 28 of 32 crew 
are left at Mars, staging a modular transfer habitat system both reduces return payload and 
leaves useful habitats at Mars. Clustering large habitat modules together highlights a tr ade 
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between habitability (gravity-living) and safe-haven splitting (losing too large a percentage 
of habitable volume through "keystone" module loss). STCAEM vehicle archetypes were 
configured to be able to accommodate clustered habitat modules as well as multiple landers, 
even in artificial gravity modes. Like artificial gravity, if large crew sizes become a 
requirement, mission designs can be found using the concept vocabulary developed by 
STCAEM to handle them. 
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Interplanetary Habitation 
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MTV Hab Module Internal Definition 
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MTV Hab Module Internal Definition 
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Functional Allocation Analysis 
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Functional Allocation Analysis 




MTV Habitation Functional Analysis 
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MTV Habitation Functional Analysis 













Internal Structure Concept Development 
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Internal Structure Concept Development 
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Large Habitat Manufacturing Option Evolution 
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Large Habitat Manufacturing 
Option Evolution 
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* Can the skin be successfully fabricated via winding ? 




MTV Habitat Module Layout (1) 
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Upper Deck 





























MTV Habitat Module Layout (2) 
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MTV Radiation Analysis Materials Menu 
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MTV Radiation Analysis Materials Menu 
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CADD Views of Module 
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MTV Hab CADD Model 
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Large Crew Size Impact Assessment 
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ategies are appropriate/ 
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• Cargo (except for crew consumables/spares) missions not considered 
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4. MEVs assumed standard 4-crew version; RMEVs assured used > 4 times 
5.32-crew missions leave 28 crew at Mars (settlement) 

6.8 crew: 8-crew habs 
7.16 crew: 28-crew liabs 
8.32 crew: 310-crew habs 




Large Crew Size Mass Results 
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Large Crew Size Mass Impacts 
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Large Module Clustering Issues 
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Large Module Clustering Issues 
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Lunar and Mars Mission Operations - Radiation Assessment 


Reducing exposure and the protection of crew members from ionizing radiation will be a 
key issue confronting mission planners and vehicle designers involved in the H uman 
Exploration Initiative. Understanding that radiation exposure to astronauts in space may be 
controlled, but never completely eliminated, the National Council on Radiation Protection 
and Measurements (NCRPM) has recommended both career and annual exposure limits for 
NASA to use in planning manned missions. 

Radiation protection requirements initially set in the September 8, 1989, Level II document, 

"Human Exploration Study Requirements", were unchanged in a subsequent doc ume nt 
dated March 14,1990. 

The radiation summary contained within this section includes basic units and terms used to 
describe human responses to ionizing radiation. Short term and career limits for the 
protection against nonstochastic effects recommended by the NCRP have also been 
included. The limits recommended by the the NCRP for astronauts are in direct contrast to 
those established for high risk occupations on Earth. The currently used risk assessment 
system relies on a quality factor, Q, which normalizes all forms of radiation to the same 
biological effectiveness. The quality factors have been established by the International 
Commission on Radiation Protection (ICRP). Quality factors in effect give an indication 
of how much biological damage will occur for various types of radiation as it traverses 
tissue and gives up energy. The amount of energy that is released by a charged particle as 
it passes through a medium is called linear energy transfer (LET). The majority of the 
data obtained on radiation effects to man are for low LET types of radiation. The current 
risk assessment system is being challenged as of late. Initial studies indicate that assigned 
quality factors may be far too excessive and in fact may cause solution over-engineering. 

For example, very little data exists regarding very high energy particles found in space. It 
is currently impossible to duplicate these high energies in a laboratory to deter mine their 
effects on man. For this reason we arbitrarily assign a quality factor of 20 to such 
particles. In fact, all particles that we have little information on are dropped into this same 
’bin*. Research is progressing in the development of a new risk assessment method. 

Radiation with energy levels in excess of 30 MeV are generally considered harmful to 
biological systems such as man. The natural radiation encountered by astronauts may be 
differentiated by its source and includes magnetically trapped radiation, galactic cosmic 
radiation (GCR), and solar proton event emissions (SPE). The Earth's magnetic field 
provides the mechanism for trapping and deflecting charged particles. Commonly referred 
to as the Van Allen belts, these somewhat overlapping and loosely defined inner and outer 
bands contain captured protons and electrons. The major contribution to crew exposure in 
Low Earth Orbit (LEO) will come from trapped protons, in fact, roughly 90% of the 
incurred dose. The primary portion of the proton dose will occur during passage through 
tire South Atlantic Anomaly (SAA). Charged particles that would be normally trapped at 
higher altitudes arc brought to lower altitudes over this region. A vehicle orbiting at 28.5° 
inclination and roughly 450 km altitude will traverse this region an average of six time s in a 
twenty four hour period. At an altitude of roughly 2000 km, where the peak density of 
trapped protons occurs, exposure rates can get as high as 1000 rem/hr. Even though the 
Earth's magnetic field traps radiation in this way, it also protects the crevfr members from 
other forms of ionizing radiation. When astronauts leave the relative protection of the 
Earth's magnetic field it is practically impossible to specify the proton environment due to 
the unpredictable nature of solar proton events. Large solar proton events have the 
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potential of exposing the crew to monumental doses in very short periods of time unless 
they have been adequately warned and protected. The third type of space radiation, GCR, 
arrives omnidirectionally. Major sources of GCR are found far beyond the reaches of the 
solar system and include distant stars and galaxies. Protons make up the p rimar y portion 
of the GCR components. The heavy ion component amounts to less than 1 % of the total 
composition but accounts for the largest dose contribution. Because of the high energies 
associated with the GCR it is far more penetrating than other forms of radiation and much 
more difficult to shield against 

The ra diati on environments that will be encountered arc variable both temporally and 
spatially. This variability occurs for a number of reasons including fluctuations in solar 
activity associated with the solar cycle, altitude, inclination, and longitude in LEO, 
planetary mass, and general anisotropies existing in a particular radiation field. 

It will be necessary to employ radiation countermeasures to reduce the exposure of possible 
rwhanon effects to crew members. Several methods continue to be investigated. The use 
of an reduced magnetic field, a "mini-geomagnetic" field, has been suggested. However, 
serious questions regarding crew exposure to such concentrated fields remain. Studies of 
chemical inhibitors to suppress the effects of ionizing radiation are continuing with positive 
results, especially by the Department of Defense. NASA follows closely the method of 
ALARA - As Low As Reasonably Achievable - to limit unnecessary exposure to 
astronauts. Thus, crew members do not perform planned EVA's during passage through 
the SAA. In the past inherent s hie ld in g provided by the spacecraft structure and equipment 
has been adequate to protea crew members. However, future programs, such as mann ed 
Mars and Lunar missions, must rely on effective strategic placement of all forms of inert 
mass, from c ons u m a b les to equipment, to provided added protection. This protection 
method is known as bulk shielding and allows spreading the burden between various 
subsystems to provide protection and reduce exceeding weight constraints. New and 
innovative methods and materials for shielding will be a critical technology issue in 
providing radiation protection. 

Several radiation research concerns exist today and require considerable investigation. 

These concerns include but arc not limited to: (1) a reevaluation of the conventional risk 
assessment system as previously discussed, (2) the development of real-time SPE and 
dosimetry warning systems, (3) trade studies to realistically select anH assess shieldin g 
material, mass, size, and structural integrity, (4) an evaluation of the potential for 
exacerbating the effects of radiation under weightless conditions, (5) evaluation of 
s hield i n g technologies including: waste water, and lightweight composite materials, and (6) 
further analysis of the dependance of shielding and warning for various mission profiles 
greater and less than 1 AU. 

In terms of the external and internal radianon environments, it will be essential to obtain 
further da ta and reliable descriptions of the fluxes and types of p rimar y and seco ndar y 
radiation. The Life Sciences Division is currently p lanning a reusable, free-flying 
biological satellite program (LifeSat), that will provide the capability to study the biological 
effect of radiation exposure and the effectiveness of various shielding materials Accurate 
information will be provided on a unique spectrum of radiation that will be extremely 
valuable for risk assessment and protection methodology. It has been estimated that a 60- 
day mission in polar orbit would simulate 5% of a Mars mission in terms of the radiation 
environment 
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Radiation Protection Requirements Summary 
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rum Level II - Human Exploration Study Requirements: September 8,1989 
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Values are based on the most detrimental biological effects from continuous low 
dose exposure 

Values for many high rate exposures may be considerably lower 
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Dala from Guidance on Radiation Received in Space Activities, NCRP Report No. 98 
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Radiation Dose Comparison - Cause/Efi'ect/Liniits 
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>sc comparison data from Dr. S Nachtwey, report from "Health Physics, August 1988 
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Radiation Dose Examples and Effects 






I rom the SICSA Outreach Journal; Vol. 2,No. 3, July-September, 1989, Stuart Nachtwey 
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Quality Factor for Various Types of Radiation 
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Nature and Location of Electromagnetic and 
Particulate Ionizing Radiation in Space 
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HZE particle £+3e Particle ^ 6 am Galactic and solar radiation 

(heavy primary) 
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Workshop on the Radiation Environment of the SPS, J.W. Wilson 
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Radiation Environments 
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Radiation Environments (continued) 
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Relative Abundances of GCR Nuclei and a Measure 

of Their "Ionizing Power" 



Atomic Number (Z) 








CD 

§ 

UJ 

o 



375 


• Radiation from solar flare extends from radio to x-ray wavelengths 

• Most flare events last about an hour. ALSPE, highly lethal occurrences are relatively 

rare but will last for hours or even days 



Solar Activity and Flare Proton Fluence 
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Relative Time of Solar Particle Emissions at 1 AU 
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Relative Time of Solar Particle Emissions at 1 All 



tom “Pinion Events During llic I’nsi I luce Solar Cycles". Smart. D.P.. and Sliea. M A 






This chart provides a comparison of the time-integrated spectrum for the solar proton event of August, 1972 with 



Proton Energy Spectrum 
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Radiation Environments Tor Mars Mission Fiiases 
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Radiation Environments for Mars Mission Phases 



































Mission Opportunity Stay Time Coincidence with Predicted 


V- > 


: cs d w - 

.2 p x *2 x 

tn ^ ® o _ 

E « x o 
3 — O P V 
-o c fc C3 

do g 3* . a 
= ° to c K 
.£ S O > o 

-i E || 

® E - .«£ >, 
« « 'S h s 

•|‘5=|S 

U ..60 C — 
U M O 3 « 

S’! ~ 8.1 

© v w 2 3 
Jsi ri «-> S 60 
^ » 3 , 

C ‘ eo 50 O 
*2 . « ^ 

3 p 3? *s p 
=5 p « ►* 

2 *^.^e 2 

O © £ a p 

I §5 " g>- 

© I O •§ p 

c/2 C C c 
^ ^ c o H 
eo -*2 5 s® 
v r .z p • 

CO is — 0, o 
CL> CO T3 fl) -r 
E M T3 C 5 


£ £Q -o 

°° “ S 

*N W 


« 2 ' S e 

I - >5 | 8 

. p o 

8 « * 


©* 5.2 0 
p ® p « * 

Cm V , W 

O fl) U« 

fir’ E " 

“”15? 

«P P t? ts fc 


>% x; 

2 P 
60 

u 2 
•= 8 
© p 

6/2 fl) 

O "o 
o 
* 

c /2 

W 3 
« .& 
CO S 
0 ) G 

£ o 
oo ti, 

.S£ a) 

53 

= S 

g = 
60 ,E 

2 .3 

tS s 

.2 3 

n c 


S 3 o a 
*S 60 W 
“85 

CO w 

8 2 - 
© =.© 
u 8 8 ? 

o «- 
^ »- 0 ) 

— P5 

cx c c 
w C 
C U o 

= a g 

5/5 © co 

« 8 3 
CO S2 

— Kg 
oo 2 

g - e 

— 5 *K 

oo= 2 

2 »J S 
’E £ u 

3 O M 

"® -a o 

© w 5/5 

K J= T3 
—- CO fl) 
6C J w 

T? f \ 


20 gr-S 

n w sc ^ Ci 
s T3 o 

2 oo « ^ ©r 
p = E c -22 lg 
5 *n s *8 x 2 

i § E a 

•= r? 


P-T5 •= u 
« £ ■§ 2 b 


W .a c 3 ° 

C ^ C V S to 
C »■ C 3 3 b 
•« v u, rr c J3 

p = « 

r « OC K ^ 

“ > to ^ cc U 

e *■= 2 P.S 3 8 c 
x <2 *§ p o 5 © 
* u -o s g «.3 

E 2 » © 3 i 1 (B 
||&"2 § £ 
! 15 s & s 5 

■ ?.ss*ss 

S«K»|Eo 
CO s c c ® 5 5 
7 i V £ E U on 

S ^“ 2 £ts 

» u D a i - 1 

S u w 3 

*C 3 >! co go o o 

5 w 15 o § c t 
Q © jo co | .2 = 

.2 2 .1 « OJ 

c c 5 ffl £ 

CO © ®a, a 

a- o Eco u 


'JS-oSSc 
E .c — s >3 

<8 “ U § O ■§ 

E .g 8 - £ 1 

C © k* 3 a'S 
, « 0*0 o 5 

S °* — -S S .22 

iisdz 


8,s I © J 5 

k § o co *® 2 
p = P) p — 

60 ° Sa 2 o o 

< § « P g”g 

.2 £ fc c >> 

•- S' « « 

EEooa 


D615-10026-1 


386 


Mission Opportunity Stay Time Coincidence With 
Predicted Solar Maximum and Minimum Years 
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X//\ Mars stay time - Conjunction class 
Mars stay time - Opposition class 
I 1 Most probable occurrance of "global" dust storms 
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Dose Equivalents to DFO tor Various Mission 
Phases to Mars with Representative SPEs 
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NSO Departure * ^ me 0 ,rs ) 

Altitude = 700 km 



C/5 

c 

JO 

n 

O 

s 

JD 

2 

*5 

a. 

o 

u 

a, 

cc 


C3 

> 

L. 

£ 

o 

25 

a 

o 

& 


as 

> 


W 

a> 

C/5 

o 

a 


C/5 


c/T *o 

CQ 

a *3 

.2 ^ 

U. 

.2 

j£ 0 
= -a 

*H -2 

0) 

*2 

1 « 

5 

Q. - 

S. a* 

cc 

O 0 

eo ■© 

>1 

a o) 


Of) S3 GL QJ ~ 

2 = % Z *r 

u 3 o ^ 

° o> SS rr cS 

05 H O S; 05 -S 

cb ^ d C 7 


O of) 

=° .s 

« E S S 8 “_D g u © *- ~ 

“ o £P 2?" 0 J2 o >^= 2f 
S ^ 2 u ^ X» — !> > o> — *tt 

Ilii'BgHjii! 

St!!^SspS , 2 e 2 S 

^ 3 W S 

0> fj ^ 


L- o -C) o C3 _ w 

S' CX flj ^ o W 

-Dxj^^-S Urv 
P 15 5 3 0) !n > 0) ^ 

5 CB jS 8 l£ - = 

E£o£P .r^ 2 gife 52 
Hl- u^^gh o p 

5? ^ C n 30> o, « m c: !; 

o> .t) ^ e o ^ . k S S£ ^ 

kcS 0 = £-o*-E.2£l2i3 

— B * oL “ 3 fc 2 .2 ^ © 

” c — <N ;» 2 ° .2 Jr > «« 

4) TH fl5 55 "D ^ ^ P 

T3 C o _ _ _ _ _ 

” *3 

t> B 


sili^BSSss* 

.2^2§ = E«‘s-2^o r : 
2 S d .r E A R « ti v o 
.2 o -o go- & « 5 -b © -g 

■° - ;=3> =} !£ q *ws S , = 8 

v> 5 •“ O 'SOU — 
oo © «H £***■ w o c 2 

c u 5! !? O ^ M s ^ 


-Uh:« 3 si , s£ a 

I S B S ° § «>§ §,*"£« 2 

is^o g g •§ « gr . n3 < *z 
.si o « 5 > o E = £ 5 c S 

^«*DCy^*rpOjjo W * 3 

^ _ eo _ S cb « * — ■ a 


s 

w ® 

£ op o 

5 © 5s g 
o 


« °< 
s# 


.2 J2 © w ^ > 
ik, eo *© 2 ©•©-=: 

o w>~ - 2 c *2 
s?S« 5s, #-i: 

cc©2_ ► ^ 

2 « T* o Em — o h 

2*o © ~ .2 E — O 

w & E *S *° *e& Jl a. « 

5 — |$ u .2 — « >>.o' o £t 

.2 JB ^ *5 © © 2 -= 2 SEt3 

•S-m^ ^-SrCic 

g S .s - 2 .-“.-= S .a - “ “ 

°-J= o. 2 « i 

° g J « t5 © £2 E - .© ~ 

5 — > © •© C^O o jr ° 

• ■ © __ e *a u ~ t-i 

0 « © •§ O 

C9 2 ^ w 

« f a, j& 5 

fll C frl ^ 


:© « y Q. 

p c £2 0 
o al s 
- .2 

3 

a 


o “-C - 5 

5 2 « 8 © ; w .*3 2 ^‘s ° 

GC ^ #x »*< CX 3 ftA «w 

W5©*^2 — S ^ r L u i 1 
eo js «*- O Q-S © .E 2 2 « 
w W ^ U o co > 


D615-10026-1 


392 


0 


m 

O 

m 



o- 



i 


1 


5 

UJ 

< 

u 

Vi 


CJ 

£ 

“a 

Vi 

o 


C5 

U 

o 


4 


2 

# S 

*■5 

■3 

CQ 

&> 

u 

QJ 

3 V3 

•ft. 

? n 
-O 

a © 

<£ fn 

U I 

3 w 
5/3 u 
vi ea 

!! 

£ E 

Q.- 

QJ ^ 

X £ 

a# cn 

E • 

u 

cr 

«N 

0 > 

A 


T3 

a> 

E 

3 

s 

« 

04) 


.2 

TJ5 


■J £ 
“5 3 
S o 


ac 

- 

1 * 

E u 

o <2 

_2 fc- 
C = 
— C/3 


crt ^ . 

<r! = = *3 
-2 C3 © a 

-3 «3±« 

= s -r -o 

= 3 £ &/ 
3 3 5 A 
— — 5 
3 3 «£ £ 
*-\ ^ 3 j™ 


OH HD 



o 

o 


o 

CO 


CO 


o 

^r 


© 

CM 


(JAI3H) 033 °J JuaiBAinbg 9 soq 
D615-10026-1 


s 

a 

O 

e 

3 

•Mi 

C/3 

3 

a 

o 

u 


393 








Altitude and Dose Comparison for Mars Using High and Low Density Atmospheric Models 
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Altitude and Dose Comparison for Mars Using 
High and Low Density Atmospheric Models 
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Ionizing Radiation Protection Design Considerations 
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Consumables Provisioning for MTV 
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0.76 food prep 
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3 % supplemental may be grown onboard (not mission-critical) 




Radiation Researcli Concerns 




4C3 


• Evaluation of shielding technologies including: waste water, lightweight 

composite materials, electromagnetic shielding and propellants 

• Analysis of trajectories that may come as close as 0.6 AU to the sun 
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Lunar and Mars Mission Operations - Rescue and Abort 


All manned space missions have inherent risks associated with them. From the time 
astronauts enter their vehicle to the time they egress, NASA must plan for any number of 
contingency operations. Provisions for rescue and abort must be made for safety of the 
crew. As missions depart from low Earth orbit and venture out to distant destinations such 
as the moon and Mars, new dimensions to rescue and abort procedures must come to bare. 

The experience of Apollo 13's mishap has left mission planners and vehicle designers a test 
of what can happen. This situation has also left us with an understanding of what good 
contingency planning can do. It is virtually impossible to predict all scenarios that may 
occur during the course of a mission requiring emergency action to be taken by the crew. 
Even though emergency operations were defined for the Apollo program, much of what 
was done during the Apollo 13 mission to save the crew was done so in real- time . The 
United States prides itself on its ability to contend with problems that arise during a 
mission. Many high risk scenarios this side of a catastrophic failure or total vehicle 
destruction must be defined. Astronauts at some point may need to seek shelter or enter a 
'safe-haven' region of the vehicle. From this position crew members may be better able to 
contend with situations that threaten their lives or the successful completion of the mission. 

The advantage of lunar missions is that the Moon is closer to Earth than Mars. Should the 
need arise to make an abort return to Earth, as it did on Apollo 13, the transfer time will be 
relatively short On the other hand, interplanetary missions to Mars in which missions 
durations may be measured in years, will raise some very serious concerns about rescue 
and abort operations. Some considerations for abort scenarios may be built into the design 
of the missions, such as a free return or powered swing-by around the target body as pan 
of the flight mechanics. This luxury is not provided during the nominal inbound and 
outbound legs of the mission however. During these mission phases the crew is more-or- 
less on their own. In addition to abort procedures that would require crew return to Earth 
and a scrubbed mission, planners and vehicle designers must also define more 'moderate' 
contingencies. These would encompass emergency situations that may result from a power 
failure confined to certain subsystem, for example. Crew members may be required to 
seek shelter during the course of this situation. From this safe-haven crew members would 
then deal with the situation at hand. Provisioning, equipment, and tools would be made 
amiable. Such a situation may not require mission abort unless the problem was unable to 
be c or re c ted. In effect, a mission of the magnitude as one to Mars, would require that the 
crew and vehicle be made as self reliant as possible. 

Close examination of abort, rescue, maintenance, and safety operations is important during 
the course of vehicle development and design. For example, during the Mars descent 
operations, the Mars Ascent Vehicle (MAV) will have the capability to abort to orbit This 
operation would require special considerations be made regarding the separation of the 
aerobrake. Dynamic maneuvers related to aeroshell separation (hiring a Mars descent abort 
must provide adequate crew safety. In effect developing an understanding of potential 
problems early in a program allows for equal definition of possible actions that may be 
taken to insure a safe crew return. * 
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Rescue and Abort 
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systems through out the vehicle 
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generalized Abort Strategy Priorities 

for Man Rated Vehicles 
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Classification or Man Rated Spacecraft Failure Modes 
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4. Non-recoverable failure: nature of failure precludes successful accomplishment of safe crew return to earth 
necessitates independent spacecraft for rescue where possible 
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Cryo/Aerobraked Vehicle 


I. Introduction. 

The reference chemical Mars mission utilizes a cryogenic H2-02 fueled vehicle 
which employs high energy aerobraking for capture at Mars, and an ECCV for crew 
capture at Earth. High energy aerobraking is required of both the MTV and MEV 
aerobrakes. The cryo/aerobraked vehicle served as the baseline for the NASA 90 day 
study, completed in October, 1989. 

II. Reference vehicle design and operations. 

The reference cryogenic/aerobraked vehicle is assembled in a SSF orbit. The TMI 
stage is assembled with a core stage consisting of a single H2/02 tankset, advanced space 
engines (4), structure, and plumbing. Four modular tanksets are spaced radially around the 
core tankset to form the remainder of the TMI stage. The Stage is jettisoned after the TMI 
bum. At 50 to 60 days before Mars arrival, the MEV executes a separation bum adequate to 
ensure its arrival and capture at Mars 1 day before the MTV. After the vehicles capture into 
the same orbit, the MTV and MEV rendezvous, and the crew transfers to the MEV for 
descent to the Mars surface. The MEV descent into the Martian atmosphere is slowed by 
the aerobrake, which is jettisoned shortly prior to landing. The descent engines fire through 
an opening in the aerobrake created by jettisoning the engine bay doors on the aerobrake. 
After a 30 day surface stay, the crew boards the ascent vehicle, which ascends to 
rendezvous with the MTV. After crew transfer to the MTV, the ascent ship is jettisoned, the 
TEI bum executed, and the TEI stage jettisoned. About 1-2 days before Earth arrival, the 
crew transfers into the ECCV, along with any science or surface sample payload. The 
ECCV then either captures into a SSF orbit, or executes an Apollo style direct entry at 
Earth. 

The reference vehicle configuration, shown in detail in the following charts, 
consists of the MTV, MEV, and TMI stage. The MTV consists of the transfer habitat. Mars 
departure propulsion stage, ECCV, airlock, and Mars capture aeroshell. The MTV is 
packaged to ensure that Si MTV components are behind the wake protection envelope 
provided by the aeroshell. The MEV consists of the descent stage, ascent stage, surface 
cargo, and landing aeroshell. The MEV is similarily packaged to ensure placement of 
components inside the wake protection envelope of the landing aeroshell. The TMI stage 
consists of 5 LH2-LOX tanksets, 4 advanced space engines, and associated plumbing and 
structure. Overall vehicle dimensions are -30 m diameter x -50 m length. The 2018 cargo 
vehicle consists of a TMI stage, and two MEV's loaded with -93 mt of surface cargo. 

DU. Reference Cryo/Aerobraked Vehicle Mass Statement 

The re main der of the information in this section consists of summary mass 
statements for the reference cryo/aerobraked piloted and cargo vehicles, and a detailed mass 
statement for the reference piloted vehicle. The detailed mass breakdown includes rationale 
and design assumptions used in constructing the model. Similar assumptions and rationale 
were used in constructing the cargo vehicle model, but are not presented here. These 
assumptions, where applicable, were similar to those made for the piloted vehicle. 
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Cryogenic/Aerobrake (CAB) 
Reference Configuration 


Introduction 

The cryogenic/aerobrake (CAB) concept was used as the NASA 90-dav 
Study reference vehicle. It offers conceptual continuity with the mainstream Mars 
transportation studies performed over the last several years. Its only major new 
technology development is high energy aerobraking (HEAB) for planetary capture, 
but the concept also requires a high-thrust cryogenic space engine. Being able to 
land on Mars using the CAB concept requires a successful rendezvous between 
separately captured vehicles in Mars orbit. 

Nominal Mission Outline 

• The vehicle is assembled, checked out and boarded in LEO 

• The TMI bum occurs and the TMIS is jettisoned 

• MTV/MEV coasts to Man 

• MTV and MEV separate 50 days prior to Mars capture 

• The MEV aerocaptures robotically a day ahead of the MTV, providing last- 

minute verification of atmospheric conditions and targeting 

• The MTV captures, followed by rendezvous in the parking orbit with the MEV 

• The landing crew transfers to the MEV and checks it out 

• The MEV descends to the surface, jettisoning its aerobrake prior to landing 

• After surface operations, the ascent vehicle (MAV) leaves its descent stage and 
surface payloads, ascends to orbit and docks with the MTV for crew transfer 

• The MAV is jettisoned in Mars orbit, and the TEI bum occurs 

• The MTV coasts back to Earth 

• The crew transfers to a modified ACRV (MCRV), jettisons the MTV and 

performs a direct entry at Earth (optional: the entire MTV aerocaptures into a 
LEO parking orbit for refurbishment and re-use) 
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Vehicle Systems 


The vehicle consists of three m a in elements: the Mars Excursion vehicle (MEV), 
the Mars Transfer Vehicle (MTV) and the Trans-Mars Injection Stage (TMIS). 


Mars Transfer Vehicle (MTV) 

The MTV configuration shown consists of a transit habitat sized for 
4 crew, an aerobrake, and a TEI propulsion system. The transit hab is located 
centrally in the aerobrake with an external airlock and an MCRV attached to the top 
(in the configurations shown, an Apollo-style ECCV was used to represent the 
MCRV). The airlock allows access to the MEV crew cab and surface habitat 
during all phases of the transfer mission until the MEV separation 50 days prior 
to Mars arrival. The MCRV is used for mission scenarios featuring direct-entry 
crew return; these scenarios expend the entire MTV upon return to Earth. In a 
reusable mode, the entire MTV would be aerocaptured back at Earth for 
refurbishment and re-use; a second airlock would be located in place of the 
MCRV. The aerobrake is of identical geometry and construction as the MEV 
aerobrake, but is stronger and heavier due to its larger payload mass, and does not 
require any engine doors. The propulsion system (TEI) is divided symmetrically 
into two tank-stacks straddling the transit hab, like the MAV tankset configuration. 
The propulsion system is oriented at an angle reladve to the aerobrake axis, with 
the two engines aimed out the rear of the aerobrake, to avoid TPS penetrations 
while still permitting mass-balanced operation during the bum. 


Trans-Mars Injection Stage (TMTSi 

The TMIS consists of a core unit with four advanced space engines (ASE), 
avionics and cryogenic propellant tanks, and provision for up to four “strap-on” 
propellant tanksets. This configuration allows propellant cross-feeding in the case 
of engine-out, and modular accommodation of the entire stage’s performance 
according to the mission opportunity requirements. Keeping the engines close 
together on the core stage allows tracking the CM during an engine-out condition 
via gimballing. This strategy avoids either opposite-shutoff (leading to long bum 
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times and greater gravity losses), or a requirement for extra structure (a 125m 
truss) between the propellant tanks and engines to allow CM tracking. The TMIS 
accounts for about 75 % of the total IMLEO, a substantial per-mission resupply 
cost. 

Mars Excursion Vehicle (MEV) 

The reference MEV is a manned lander that can transport a crew of 4 to the 
surface. It consists of a surface-stay habitat module (roughly SSF-module size), 
an airlock, 5 t of surface-science payload, a cryogenic descent propulsion system 
with four engines and bus structure, and the ascent vehicle (MAV). The MAV 
consists of a short-duration crew cab, and cryogenic ascent propulsion system 
with two engines. All propellant tanks are mass-balanced around their maneuver 
CMs so that no lateral CM shifting occurs. The entire MEV is packaged in a rigid, 
truncated-hyperboloidal aerobrake with L/D = 0.5, to which it is attached at eight 
points (four bus-frame comers and four landing-gear footpads). The aerobrake is 
fitted with doors which open to allow the descent engines to extend and ignite prior 
to aerobrake separation (allowing full benefit of the brake’s drag). The brake is 
then jettisoned as the landing gear extend prior to terminal approach and hovering 
touchdown. 

Dominant configuration constraints for the MEV are as follows: 

•Payload manifesting 
•Surface access 
•Crew visibility 
•Contigurous crew volumes 
•Short vehicle stack 
•Engine-out capabilities 
•On-orbit assembly 

Payload manifesting is mainly a proximity and mass balance issue. The surface 
habitat and airlock, which is the bulk (80%) of the payload, require access to the 
ascent crew cab and the surface, as well as being mass balanced for proper flight. 
The science payload requires surface access for ease of unloading. Docking is 
facilitated by placing the crew cab high in the vehicle stack. The flight deck 
window is located to provide viewing to the surface for landing as well as to the 
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upper hatch for docking. Keeping crew volumes contiguous allows access during 
flight for check-out procedures and simulation training. The vehicle stack is kept 
as short as possible for aerobrake wake protection, which tends to conflict with 
having the center of mass (CM) as high as possible, desirable for a small engine 
gimbal-angle to provide minimal steering loss in an engine-out scenario. A high 
CM within a short stack is accomplished by placing the dense ascent LOX high in 
the configuration. Finally, although the dominant constraints for the MEV derive 
from its performance at Mars, consideration has been given to its ETO launch. It 
is configured to be launched in a few, large, pre-integrated systems for minimal 
on-orbit assembly. For example, the ascent vehicle can be launched intact in a 
10 m diameter shroud, while the descent structure can be launched in 2 sections 
for fairly simple on-orbit assembly and integration. 
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ECCV capture and SSF rendezvous or direct landing 





Cryo/AB Reference Configuration 








D615-10026-1 


425 


STCAEM/sdc/31 M*y90 



Cryo/AB Reference Configuration 
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Reference Cryo/aerobrake 
Mass Statement 
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MTV Reference Configuration 
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MTV Reference Configuration 
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Cargo Chem/aerobrake Veh for one way 2018 Conjunction Mission 

Unmanned, 2 cargo landers (46.51 surf cargo each), 101 navigation set, no MTV propulsion stg f TMI stg !sp=475 
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Mac chart Cargo chem/ab 2018 wt cover pg 
Veh synthesis model run #: marschemmtv.dat 3 7 




TMI stg - Reference MTV for 2015 Chem/Aerobrake Veh 

ECCV Return, 4 x 200k Ibf advanced space engines; Isp = 475 sec 

-_ Revision 2 5/22/90 
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synthesis model run §; marschemmtv.dat;21 

STCAEM/M*J/3IM.)-90 MaC chart M RefTMI ^-rationale 
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Mars departure stg - Reference MTV for 2015 Chem/Aerob Veh 

Crew of 4,2 advanced space engines; Isp = 475 sec 
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(556) TotM dtp propulsive sig wt 103347 
( at time of E dtp burn ) 




Desc stage - Reference MEV for 2015 Cliem/Aerobrake Vehicle 

Crew of 4,30 day stay, 4 advanced space engines; Isp=475 sec, 25 1 surf cargo 
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synihesb model runt: mar slander dm t 
STCAEMlbbdl23May90 Mac chart: M Ref MEV decs veh wi ratio" 
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synthesis modet run number: marsntr diit 
Mac chart:M RcfMEVasc cab wl r.iii*- 
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Cryogenic All-Propulsive Vehicle 

I. Introduction. 

The all-propulsive chemical Mars mission utilizes a cryogenic H2-02 fueled vehicle 
which employs low energy aerobraking only for MEV descent, and an ECCV for crew 
capture at Earth. High energy aerobraking is not required for any mission phase. All 
missions are conjunction-class, with a -300 day stay at Mars, 30-90 days of which is spent 
on the surface. 

n. Reference vehicle design and operations. 

The cryogenic all-propulsive vehicle is assembled in a SSF orbit. The TMI stage is 
assembled with a core stage consisting of a single H 2 /O 2 tankset, advanced space engines 
(4), structure, and plumbing. Three modular tanksets are placed in line with the core 
tankset to form the remainder of the TMI stage. The Stage is jettisoned after the TMI bum. 
At Mars arrival, the Mars Orbit Capture/ Trans-Earth Injection (MOC/TEI) engines are fired 
to provide a propulsive capture of the vehicle. After capture and orbit insertion, the crew 
transfers to the MEV for descent to the Mars surface. The MEV descent into the Martian 
atmosphere is slowed by the aerobrake, which is jettisoned shortly prior to landing. The 
descent engines fire through an opening in the aerobrake created by jettisoning the engine 
bay doors on the aerobrake. After a 30-90 day surface stay, the crew boards the ascent 
vehicle, which ascends to rendezvous with the MTV. After crew transfer to the MTV, the 
ascent ship is jettisoned, the TEI bum executed, and the MOC/TEI stage jettisoned. About 
1-2 days before Earth arrival, the crew transfers into the ECCV, along with any science or 
surface sample payload. The ECCV then either captures into a SSF orbit, or executes an 
Apollo style direct c rv at Earth. 

The all-pro; >ive vehicle configuration, shown in the following mass summary 
charts, consists of ti.. \ITV, MEV, TMI stage, and MOC/TEI stage. The MTV consists of 
the t ransf er habitat, ECCV, and airlock. The MEV consists of the descent stage, ascent 
stage, surface cargo, and landing aeroshell. The MEV is packaged to ensure placement of 
components inside the wake protection envelope of the landing aeroshell. The TMI stage 
consists of 3 LH2-LOX tanksets, 4 advanced space engines, and associated plumbing and 
structure. Overall vehicle dimensions are -30 m diameter x -65 m length. 


ITT. Reference Cryo/Aerobraked Vehicle Mass Statement 

The remainder of the information in this section consists of summary mass 
statements for four all-propulsive cryogenic fueled piloted vehicles. The first mass 
breakdown is for a landed crew of 3 with a 90 day surface stay time, and all cryogenic 
stages. Also included is a Lunar vehicle, which is essentially an offloaded Mars vehicle. 
The second mass statement is for a similar mission with a lower surface cargo payload (5 
mt vs. 30 mt), and storable ascent stage propellant Storable propellant for the ascent stage 
allows the extended stay time (90 days) with little risk of propellant storage system failure. 
The propulsion system is also much simpler, and more reliable. The final two mass 
summaries are for cryogenic conjunction class all-propulsive vehicles for 2009 and 2010 
respectively. The primary difference between the two missions are the AV budgets (5781 
m/s vs. 6916 m/s). 
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AH Propulsive Cryogenic Vehicle 



S O a 

23 ¥ « 

04 2 o 
. ^ p 

*2 ° u 

fi c < 
a o r* 

CO S 60 

*a 3 c 

es <. o 


jo 

«3 



PRECEDING PAGE BLANK NOT FILMED 



D615-10026-1 


439 


MOI /TEI = Mars Orbit Insertion/ Trans Earth Injection 
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All Propulsive Cliein Veh for *2009 Conj Crew of 4, ECCV return, 959 day trip 
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All Propulsive Chemical Vehicle for 2010 Conjunction Mission 

Single 73t MEV carries 2St to surf. Common tank set for MOCITEl stg 
dV's: TMI dV= 4570 mis, MOC-1160, TEI= 1186, Adv space eng’s: Isp=475 

. 8/9190 Element Mass, kg 
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Nuclear Thermal Rocket (NTR) 


I. Introduction. 

The NTR offers a higher Isp than any currently defined chemical system. While 
high energy aerobraking is an option for any mission, there are alternatives. The high Isp 
of the NTR propulsion system provides the opportunity to fly both opposition and 
conjunction class missions. The reference NTR vehicle exhibits a mass savings over the 
reference cryo/aerobraked vehicle (~66 mt). The m ai n advantage of the NTR, however, is 
not the IMLEO savings, but the reuse capability of the NTR (only drop tanks and MEV 
non-reusable), and the absense of a need for a high energy aerobraking maneuver. The 
disadvantage of the need for technology advancement in the area of nuclear propulsion is at 
least partially offset by the savings resulting from the lack of technology development 
needs for high energy aerobraking (although descent aerobraking development will still be 
needed). 

II. Reference vehicle design and operations. 

The NTR vehicle is assembled in a SSF orbit. Two LH2 tanksets is jettisoned after 
the TMI bum. At Mars arrival, the vehicle propulsively captures, and two LH2 tanks are 
jettisoned. After capture and orbit insertion, the crew transfers to the MEV for descent to 
the Mars surface. The MEV descent into the Martian atmosphere is slowed by the 
aerobrake, which is jettisoned shortly prior to landing. The descent engines fire through an 
opening in the aerobrake created by jettisoning the engine bay doors on the aerobrake. After 
a 30 day surface stay, the crew boards the ascent vehicle, which ascends to rendezvous 
with the MTV. After crew transfer to the MTV, the ascent ship is jettisoned, and the TEI 
bum executed. At Earth arrival, the vehicle propulsively captures into a high Earth orbit 
(nuclear safe), and the crew returns to SSF. 

The NTR vehicle configuration, shown in detail in the following charts, consists of 
the reactor and shield, MTV, MEV, and 4 LH2 drop tanks. The MTV consists of the 
transfer habitat, main structure, core LH2 tank, reactor/shield, and airlock. The MEV 
consists of the descent stage, ascent stage, surface cargo, and landing aeroshell. The MEV 
is similarily packaged to ensure placement of components inside the wake protection 
envelope of the landing aeroshell. The 4 strap-on LH2 tanksets are used for TMI(2), and 
MOC(2), while the core tank is used for the TEI and EOI bums. Overall vehicle 
dimensions are -30 m diameter, by —110 m length. 

in. Reference NTR Design History/Structure Trade 

The history of the Boeing reference NTR vehicle is presented. The nuclear engine 
greatly influences the overall physical configuration of any NTR vehicle. The necessity for 
r adiati on attenuation between the engine source and the crew as well as the placement and 
staging of very large hydrogen propellant tanks are two major considerations that are 
unique to NTR systems. The following factors are applicable in this regard: 

(1) Radiation dosage received by crew = l/(separation distance) squared 

Separation distance between the crew and reactor is a key parameter in reducing the amount 
of reactor generated radiation that reaches the crew habitat module. Since the reactor 
radiation dosage that eventually reaches the hab module is equal to the inverse of the 
separation distance squared, grouping the lengthy propellant tanks into a axial alignment 
rather than a radial cluster maximizes radiation attenuation by maximizing the separation 
distance provided by the tankage/structure without unduly penalizing the vehicle with 
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structure dedicated solely to extending separation distance. Doubling the separation distance 
reduces the received dosage by a factor of 4. 

(2) Axial alignment of tanks rather than radial clustering also allows the reactor radiation 
shadow shield protected cone half angle to be smaller since there would be less projected 
tank area around the reactor that could scatter direct radiation and thus become a secondary 
source. Any reactor shadow shield would include a very dense layer of material such as 
tungsten or berylium, dedicated solely to gamma ray attenuation. Minimizing the shield size 
is important in keeping the mass down. 

(3) Axial alignment provides more hydrogen propellant to be utilized as a secondary 
thermal neutron shield in the direct line between the crew cab and the reactor. 

The configurations shown are representations of various tank size and tank placement 
options. It is beneficial from a shielding viewpoint to keep the Earth arrival propellant in an 
'inline' tank just behind the reactor shield. It is beneficial from an IMLEO standpoint to: 

(a) jettison the tanks after each bum 

(b) use as large a tank size as the launch vehicle(s) can deliver 

(c) use advanced materials such as metal matrix composites to keep the tank 
fraction as low as possible 

Other issues include: Providing for tank release and jettison; minimisin g and facilitating on- 
orbit assembly; anticipating meteor shielding requirements (with or without a protection 
hanger at SSF); vehicle return for reuse refurbishment/resupply issues; artificial g 
accommodations. 


IV. Reference and Three Lander NTR Vehicles Mass Statements 

The re m a i nder of the information in this section consists of su mm ary mass 
statements for the reference opposition-class and three lander conjunction-class NTR 
vehicles, and a detailed mass statement for the reference vehicle, including rationale. The 
reference vehicle mass breakdown is for a landed crew of 4 with a 30 day surface stay 
time, while the three MEV option includes mass summaries for 3 full size MEV's with 20 
mt and 1 mt payload delivered to Mars orbit, and 3 "mini" MEV's, each capable of a 7 day 
surface sortie. 

V. NTR vehicle Mass vs. Opportunity Year and Reference Delta V 
Parametric Data 

The reference vehicle configuration was used to produce parametric vehicle data of 
vehicle mass vs. mission phase delta-V. This data can easily be used to es tima te an 
approximate vehicle mass for different mission opportunities than those presented here. 
The IMLEO for an advanced particle bed reactor NTR vehicle was determined over a range 
of mission years. The 2016 opportunity proved to be the most difficult, although it still was 
almost 85 mt lower in mass than the reference NERVA-derived NTR vehicle. 
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Nuclear Thermal Rocket Vehicle 
Reference Configuration 


Introduction 

The nuclear thermal rocket (NTR) concept offers advantages of higher I sp than 
cryogenic concepts, fully propulsive capture at Mars and Earth to avoid high energy 
aerobreaking, and the potential for recovery and re-use of the expensive transfer habitation 
system. NTR represents a proven technology; early versions were extensively tested in the 
1960s and early 1970s. 


Nominal Mission Outline 

• The vehicle is assembled, checked out, and boarded in LEO 

• The TMI bum occurs, and two empty LH 2 tanks are jettisoned (opposition case) 

• The MTV coasts to Mars 

• MOI bums capture the MTV into Mars orbit 

• Two LH 2 tanks are jettisoned 

• The MEV is checked out, separates from the MTV and descends 

• The MEV aerobrake is jettisoned prior to final approach 

• The MEV touches down, and surface operations ensue 

• The MAV ascends for rendezvous with the MTV, leaving the descent stage, surface 

habitat and science equipment 

• The MAV is jettisoned in Mars orbit after crew transfer 

• The TEI bum occurs, and the MTV coasts back to Earth 

• In expendable scenario, crew return is accomplished with modified ACRV (MCRV), 

MTV is jettisoned at Earth 

• In re-usable scenario, MTV captures propulsively into high parking orbit (500 km by 

24 hr) for 30 d cool-down period 

• Crew returns to SSF using LEV-class taxi 

• Post-cooldown, MTV is refurbished in SSF orbit 
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Vehicle Systems 


Crew Systems 

The crew portion of the vehicle consists of a transfer habitat (common with other 
concepts), deployable PV power plant, and an MEV (common with other concepts). All 
habitable volumes are contiguously connected, and located at the opposite end of the 
vehicle from the reactors. The ends of the vehicle are separated by a lightweight truss 
spine. 

Propulsion System 

The reactor/engine is a technology-upgrade from the NERVA reactor of the 1970s. 
A composite shadow shield limits both direct and secondary-particle-scattered dosage to the 
crew and sensitive electronics. LH 2 propellant is used. Four cryogenic storage drop-tanks 
are located on the truss. Another, in-line propellant tank is for TEI and EOI; remaining full 
for most of the mission enables it to provide extra radiation protection to the crew systems. 
All propellant from the drop-tanks is flowed through the in-line tank, so that its supply 
remains relatively un-irradiated throughout the mission. 
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2016 Advanced NERVA NTR Reference Vehicle Configuraiion 
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NTR Configuration 



STCAEM/cif/3IM«y90 
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Reference Configuration; Outbound and Mars Capture 
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all masses in kg's 

Mac chart: M Ref N1R cover pg 
synthesis model ran* marsntnruv.dat; 161,183 
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2015 Reference NTR Design History 
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|63J AjC VtA total mast 22462 all masses in kg synthesis model runM: mar.iUmder.dat;l It 
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Ascent Cab - for Reference MEV Vehicle 

Crew of 4 , 3 day occupancy time Revision 2 5 / 22/90 
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Crew habitat module - MTV for 2016 NERVA NTR Ref Vehicle 

_Ziro-g, Crew of4, 434 day total trip time Revision 6 5122190 
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2016 NERVA NTR Reference Vehicle: 

Frame, propulsion sys, & shield wt: isp = 925 Rev 5 512: 
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NTR Vehicle Weight vs. Opportunity Year 

for Re actor/Engine T/W = 10 



D615-10026-1 


475 













This page intentionally left blank 



D615-10026-1 


476 


Nuclear Electric Propulsion (NEP) 


Contained within this section are a vehicle description, operation mode, and vehicle mass 
statement Further details can be found in the NEP IP&ED document 

The NEP vehicle uses thrust obtained as a result of charged particles accelerated 
through an electric field. Argon propellant is first ionized in the thruster discharge 
chamber. The propellant, which is in a plasma state, is contained within the discharge 
chamber by a magnetic field. The propellant then "drifts" towards the accelerating grid 
where the charged particles are repelled out at an extremely high velocity. The charged 
particles must then be neutralized to prevent them from coming back to the spacecraft, 
which would negate thrust. An issue confronting the propulsion system involves the 
expected life time of the thrusters due to cathode and grid erosion. Expected thruster 
lifetime is 10,000-20,000 hrs. 

The NEP creates electrical power necessary for the propulsion system with a 
nuclear reactor power system. The reactor power system is composed of twin uranium fast 
reactors. The reactors heat a working fluid which is used to drive turboaltemators. TCie 
expansion of the working fluid drives the alternators, producing electricity. The working 
fluid must then be cooled for reuse through a radiator subsystem. The electrical power is 
then conditioned for transmission and sent to the thruster system on the distribution bus. 
Expected power plant lifetime is 10 years. Disposal locations of the spent reactors are 
TBD. 

Mission analysis for various vehicles has revealed that high power levels (20-40 
MWe) coupled with low vehicle alpha’s (4-7 kg/kW) offer fast trips and low associated 
IMLEO (400-6001) for most mission opportunities. Alpha is defined as the specific mass 
of the vehicle and has the units of kg/kW. Since vehicle alpha's play such an important 
role in vehicle performance, this technology area must be given serious attention early in 
die development program. 

rv rrain gravity assists offer significant benefits for electric propulsion, without 
imposing launch window restrictions. The gravity assists that offer benefits are a Lunar 
fly-by. Mars fly-by, and an Earth fly-by. During Earth escape, the vehicle swings by the 
moon to gain a velocity boost on the order of 600-1000 m/s. During a Mars fly-by, the 
vehicle approaches Mars with excess velocity, drops the MEV off, and continues in 
heliocentric space in close proximity to Mars. When the vehicle decelerates enough to 
capture at Mars, the vehicle enters a highly elliptic orbit to allow the MEV multiple attempts 
to rendezvous with the transfer vehicle. The time frame for vehicle deceleration and Mars 
capture is calculated to be the same as the surface stay time. An Earth fly-by is similar to a 
Mars fly-by in the sense that the vehicle starts the deceleration phase of the mission leg, 
later than it normally would. As the transfer vehicle approaches the Earth with excess 
velocity, the crew is dropped off and the vehicle continues in heliocentric space. When an 
Earth fly-by is employed, the transfer vehicle cannot rendezvous back with the Earth for a 
considerable length of time (-200 days). This length of time may be detrimental to thruster 
lifetime. Therefore, the recommended gravity assists are Lunar and Mars fly-bys. These 
fly-bys can offer trip time reductions on the order of 40 days total. 

A major operational issue confronting the NEP is departure and refurbishment 
orbits. Due to differential nodal regression, severe debris environments, and Van Allen 
belt radiation, the NEP is forced to operate from LEO (400 km) or GEO (35,000 km) and 
higher. A LEO operational node would offer the greatest advantages for the NEP, if 
nuclear safety operational issues can be resolved. Preliminary analysis from Bolch et al, 
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Texas A&M [ A Radiological Assessment of Nuclear Power and Propulsion Operations 
Near Space Station Freedom, NAS3 25808, March 1990], indicates that a multi-megawatt 
vehicle can operate safely in LEO. Electric propulsion, unlike ballistic trajectories, spirals 
in and out of Earth Orbit in a circular path. This type of circular spiral eliminates the risk of 
accidental Earth atmosphere re-entry. 
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Nuclear Electric Propulsion Vehicle 
Reference Configuration 


Introduction 

The Nuclear Electric Propulsion (NEP) Mars transfer concept offers 
advantages of a reusable, extremely high-I sp (10,000 sec) system; a fully 
propulsive capture at Mars and Earth which avoids the need for high energy 
aerobraking; great mission flexibility (relative insensitivity to mission opportunity, 
capture orbit astrodynamics, or changes in payload mass) and low resupply mass 
(the argon propellent required amounts to roughly a third of total vehicle mass). 
Disadvantages of the concept are its high technology development cost; complex, 
high-performance power system and large, liquid-metal radiator system. 


Nominal Mission Outline 

• The NEP vehicle is assembled and checked out in LEO 

• TMI is a slow spiral out of Earth's gravity well 

• Just prior to Earth escape, the crew transfers onboard using an LTV 

• Thrust continues throughout the interplanetary transfer, first accelerating relative 
to Earth and then decelerating relative to Mars, except for a 45 - 60 day no¬ 
thrust hiatus enroute. 

• MTV flies by Mars with low relative encounter velocity 

• MEV separates from MTV for aeroentry 

• MEV descends to surface, jettisoning aerobrake prior to landing 

• Surface operations ensue 

• MTV continues decelerating into loosely captured, highly elliptical orbit 

• Ascent vehicle leaves descent stage and surface payload on surface 

• MAV rendezvous occurs at MTV periapsis; berthing and crew transfer 

• MAV jettisoned in Mars orbit 

• Reversal of interplanetary acceleration / coast / deceleration sequence 

_ 1 

• Crew departs MTV for direct entry at Earth 

• MTV spirals back to LEO for refurbishment (optional loose capture at L2 is 
attractive, if refurbishment infrastructure is available there and if resupply trips 
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from LEO use EP or beamed power propulsion for high efficiency) 


Vehicle Systems 

Primary vehicle systems are: power plant at the bow; radiators 
amidships; main propulsion astern; vehicle bus; and crew systems near the 
stem. 

Power plant - The power plant consists of reacton, shadow shields, boiler (heat 
exchanger), electromagnetic pumps, and turbo-alternators. Two fast-spectrum 
(UN-W/25Re) reactors are used for redundancy. The reactors are positioned in 
line with the main vehicle axis to maxima, mutual shielding of the rest of the 
vehicle. A radiation shield (WBe 2 G/B 4 C composite) is required aft of the reactors 
to protect the crew and sensitive electronic equipment from direct and scattered 
neutron and gamma fluxes. The shield is shaped to produce a shadow-cone with 
rectangular cross-section, tailored to the reactors' view of the rest of the vehicle. 
Lithium is the primary coolant, pumped by redundant electromagnetic pumps 
through the boiler. The secondary, potassium loop, also pumped 
electromagnetically, carries heat from the boiler to the turbo-alternator assembly. 
There are 5 pairs of turbo-alternators (3 primary and 2 backup pairs), which 
generate 40 MWe for propulsion. Each turbo-alternator pair counter-rotates to 
cancel its gyroscopic acceleration. This machinery is configured to permit 
straightforward robotic maintenance access when the reactors are not running, but 
the entire turbo-machinery assembly can be launched as one unit in a 10 m 
launch shroud, already integrated with the pumps, boiler and dormant reactors. 
The potassium runs through the condenser pipes which form the vehicle spine 
along the length of the radiator system. Reduced-diameter, armored pipes return 
the low-quality (mostly liquid) potassium to the boiler to complete the loop. 

Radiators - The radiator system consists of a primary assembly, an alternator 
assembly and an auxiliary assembly. A typical assembly consists of several 
hundred individual, identical, sodium-containing, carbon/carbon heat pipes, whose 
evaporator ends are bonded mechanically to the secondary-loop condenser pipe. 
Their radiator fins are oriented in the plane of the overall array, and are bonded 
mechanically together for overall structural stiffness. The primary assembly cools 
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the secondary-loop potassium; the alternator assembly cools the dynamic power 
conversion system (turbo-alternators); the auxiliary assembly provides cooling to 
the electromagnetic pumps during normal operations, as well as to the reactors 
during shutdown. 

Expulsion * The propulsion system includes engine assembly, prope llan t storage 
subsystem, and plumbing. The engine assembly has 40 individual ion thrusters 
(including 10 spares) in a 5 x 8 rectangular array. Each thruster is 1 m wide by 
5 m long; beam neutralizers are located between the thrusters. The argon 
propellant is stored cryogenically in insulated, spherical tanks, mounted on the 
forward side of the engine assembly via structural and fluid quick-disconnects. 
Including tanks, the propellant storage system masses 185 t (~ 35% overall 
vehicle IMLEO). This low propellant mass is a strong resupply advantage. 

Schick bus ■ Thrust loads are extremely low for the EP system. Probable 
max im u m loading is from impulses like ACS firings, berthing operations, and 
construction and maintenance activity. The primary vehicle structure is the 
armored, liquid-metal-carrying condenser pipes of the conversion and radiator 
systems. Additional lightweight, out-of-plane stiffening structure for the large, flat 
radiator panels is not shown. Astern of the radiators, an SSF-type truss continues 
the vehicle spine. The crew systems are attached to this, and the power feeds for 
the engines arc deployed within it Two communications satellites arc embedded 
in the truss near the crew systems, to be deployed in Mars orbit for maintaining 
communication with Earth. Also mounted to the truss and not shown are 
deployable solar arrays which provide habitat and vehicle power when the nuclear 
power system is shut down (during LEO operations and interplanetary coast). 

Crew systems - The crew systems consist of a long-duration transit habitat and one 
or more MEVs (the reference design shows one MEV). All habitable volumes are 
contiguous throughout each mission. The crew systems are wrapped around and 
hung on the vehicle bus, as far from the nuclear sources as practical without 
propulsion interference. The separation shown reflects an initial radiation shadow 
shield designed for crew system separation exceeding 100 m. Ele ctric propulsion 
has the least sensitivity to increased payload mass, so an important option is 
provision for multiple MEVs. A multiple docking adapter (not shown), would 
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allow several ME Vs to be used without altering the vehicle configuration 
(additional propellant tanks would be required). 
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Propulsive capture at earth and crew transfer to SSF. 






NEP Configuration 
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Micro-Gravity NEP Mass Statement 
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Solar Electric Propulsion (SEP) 

Contained within this section are a vehicle description, operation mode, and vehicle mass 
statement Further details can be found in the SEP IP&ED document 

The SEP vehicle uses thrust obtained as a result of charged particles accelerated 
through an electric field. Argon Propellant is first ionized in the thruster discharge 
chamber. The propellant which is in a plasma state, is contained within the discharge 
chamber by a magnetic field. The propellant then "drifts" towards the accelerating grid 
where the charged particles are repelled out at an extremely high velocity. The charged 
particles must then be neutralized to prevent them from coming back to the spacecraft, 
which would negate thrust An issue confronting the propulsion system involves the 
expected lifetime of the thrusters due to cathode and grid erosion. Expected thruster 
lifetime is 10,000-20,000 hrs. 

The SEP creates electrical power necessary for the propulsion system by converting 
energy from the sun into electricity through the use of solar arrays. The solar array is 
configured in multiple strings to insure redundancy. The loss of individual cells to debris 
and degradation damage is taken into account within the design. Direct screen drive 
enables the elimination of high voltage power processors. Low voltage power processors 
are still needed for heaters, ionizing potential, and other vehicle housekeeping tasks. The 
power generated from the arrays is piped to the thruster pods where the ion engines are 
located. Expected power plant lifetime is 10 years. 

Mission analysis for various vehicles has revealed that power levels around 8-15 
MW offer reasonable trip times and low IMLEO. Increasing power raises the thrust level, 
but the vehicle alpha (vehicle specific mass, kg/kW) goes up as well. When both the 
power plant mass and the power level increase you enter the dilemma of more power to 
push more mass. In other words, there is a point where increasing power level doesn't 
buy much since the mass has gone up as well. Since the vehicle is dominated by solar 
arrays, structure, and ion engines, the vehicle alpha doesn't decrease as it does for the 
NEP. Typical vehicle alpha's associated with SEP are in the 8-12 kg/kW for multi¬ 
megawatt vehicles. Typical trip times for these types of vehicles are on the order of 540- 
620 days. 

Certain gravity assists offer significant benefits for electric propulsion, without 
imposing launch window restrictions. The gravity assists that offer benefits are a Lunar, 
Mars, and Earth fly-bys. During Earth escape the vehicle swings by the moon to gain a 
velocity boost on the order of 600-1000 m/s. During a Mars fly-by, the vehicle approaches 
Mars with excess velocity, drops the MEV off, and continues in heliocentric space in close 
proximity to Mars. When the vehicle decelerates enough to capture at Mars, the vehicle 
enters a highly elliptic orbit to allow the MEV multiple attempts to rendezvous with the 
transfer vehicle. The time frame for vehicle deceleration and Mars capture is calculated to 
be the same as the surface stay time. An Earth fly-by is s imilar to a Mars fly-by in the 
sense that the vehicle starts the deceleration phase of the mission leg later than it normally 
would. As the transfer vehicle approaches the Earth with excess velocity, the crew is 
dropped off and the vehicle continues in heliocentric space. When an Earth fly-by is 
employed, the transfer vehicle cannot rendezvous back with the Earth for a considerable 
length of time (-200 days). This length of time may be detrimental to thruster lifetime. 
Therefore, the recommended gravity assists are Lunar and Mars fly-bys. These fly-bys can 
offer trip time reductions on the order of 40 days total. 

A major operational issue confronting the SEP involves the Earth escape spiral. 
The baseline operational mode calls for crew rendezvous with the SEP a few days prior to 
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Earth escape via Lunar Transfer Vehicle. The Earth escape spiral takes 50-100 days in the 
10 MW range, spending too much time in the Van Allen belts for possible crew exposure. 
Radiation associated with the Van Allen belts causes considerable damage to the solar array 
while the SEP passes through the belts. Due to this degradation, the SEP must somehow 
get through the belts without the interplanetary array. Three possible solutions to this 
dilemma are (1) transfer by chemical boost stage, (2) transfer array scenario, or (3) transfer 
by a beamed power EOTV. A chemical boost stage would effectively double the IMLEO of 
the SEP, and is not recommended as a solution. The SEP truss structure is also not sized 
for the loads of a high thrust system. A promising solution is to carry 2 arrays; one array 
for the interplanetary transfer and one array for the Earth escape spiral. Once the vehicle 
has passed through die belts, it drops the transfer array at a location where the array could 
possibly be used by another operation (beamed power) and deploys the main array. On 
subsequent missions, the SEP can stage at L2 and have resupply requirements furnished by 
a beamed power EOTV. 
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Solar Electric Propulsion Vehicle 
Reference Configuration 


The solar electric propulsion (SEP) Mars transfer concept is the only non-nuclear 
advanced propulsion option. It offers advantages of the lowest IMLEO of the four 
reference vehicles; a reusable, extremely high-I sp (5,000 sec) system; a fully propulsive 
capture at Mars and Earth which avoids the need for high energy aero braking; great mission 
flexibility (relative insensitivity to mission opportunity, capture orbit astrodynamics, or 
changes in payload mass) and low resupply mass (the argon propellent required amounts to 
roughly a third of total vehicle mass). Disadvantages include uncertainty about how 
economical the production of acres of solar arrays can become, and the need to deploy and 
control a relatively fragile vehicle, which is bigger than six football fields, in space. 

Nominal Mission Outline 

• The SEP vehicle is assembled and checked out in LEO 

• TMI is a slow spiral out of Earth's gravity well 

• Just prior to Earth escape, the crew transfers onboard using an LTV 

• Thrust continues throughout the interplanetary transfer, first accelerating relative 
to Earth and then decelerating relative to Mars, except for a 45-60 day no¬ 
thrust hiatus enroute. 

• MTV flies by Mars with low relative encounter velocity 

• MEV separates from MTV for aeroentry 

• MEV descends to surface, jettisoning aerobrake prior to landing 

• Surface operations ensue 

• MTV continues decelerating into loosely captured, highly elli ptical orbit 

• Ascent vehicle leaves descent stage and surface payload on surface 

• MAV rendezvous occurs at MTV periapsis; berthing and crew transfer 

• MAV jettisoned in Mars orbit 

• Reversal of interplanetary acceleration / coast / dec e leration sequence 

• Crew departs MTV for direct entry at Earth 

• MTV spirals back to LEO for refurbishment (optional loose capture at L2 is 
attractive, if refurbishment infrastructure is available there and if resupply trips 
from LEO use EP or beamed power propulsion for high efficiency) 
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Vehicle Systems 


Primary vehicle systems are: power plant; main propulsion; vehicle bus; and 
crew systems. 

Eawcr plant - The power plant consists primarily of a field of solar arrays kept normal to 
the sun line at all times. The solar array area required to produce 10 MWe of power is 
~ 35,000 m and is maintained sufficiently rigid and in position by a deployable area 
truss (spaceframe) one bay deep. Details of deployment of the lightweight solar cell 
blankets across the structure are not yet worked out 

Propulsion - The propulsion system includes engine assembly, propellant storage 
subsystem, and plumbing components, split into two identical modules located at distal 
ends of the vehicle bus. Each engine assembly has 5 individual ion thrusters (the total of 
10 includes 2 spares) in a 5 x 8 rectangular array. Each thruster is 1 m wide by 5 m 
long; beam neutralizers are located between the thrusters. The argon propellant is stored 
cryogenically in insulated, spherical tanks, mounted on the forward sides of the engine 
assemblies via structural and fluid quick-disconnects. Including tanks, the propellant 
storage system masses - 35% overall vehicle IMLEO. This relatively low propellant mass 
is a strong resupply advantage. 

Vehicle bus - Thrust loads are extremely low for the EP system. Probable maximum 
loading is from impulses like ACS firings, berthing operations, and construction and 
maintenance activity. The primary vehicle bus structure has two components: the area truss 
covered by the solar array field, and truss outriggers extending sufficiently bar beyond the 
edge of the solar array that the ion engine plumes do not impinge on, and therefore erode, 
the power system. The crew systems are attached to the underbelly of the area truss (in the 
center for mass balance). Two communications satellites are also attached to the truss near 
the crew systems, to be deployed in Mars orbit for maintainin g communication with Earth. 
Also mounted to the truss near the habitation system are ther mal radiators for the power 
conditioning equipment 

Crew systems - The crew systems consist of a long-duration transit habitat and one or more 
MEVs (the reference design shows one MEV). All habitable volumes are contiguous 
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throughout each mission. Electric propulsion has the least sensitivity to increased payload 
mass, so an important option is provision for multiple MEVs. A multiple docking adapter 
(not shown), would allow several MEVs to be used without altering the vehicle 
configuration (additional propellant tanks would be required). 
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Robotic SEP Assembly 
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Micro-Gravity SEP Mass Statement 
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Gas Core Reactor (GCR) 

The Gas Core Reactor is, at present, a theoretical model with many developmental 
questions to be answered before a working system can be developed. While it holds great 
promise for high performance and short trip times, it is still the furthest from development. 
In one estimate from NASA Lewis using an optimistic development schedule, the first test 
flight a GCR vehicle would occur in the 2016 time frame. This would not me et the national 
goals for a manned Mars mission in the first quarter of the next century. However as an 
evolutionary concept vehicle for follow on or continuing human presence architectures it 
should not be dismissed out of hand, but requires better identification of a working system. 
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• Technology will not be available during 2016 mission opportunity. 

• Candidate for future mission architectures. 
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Vehicle Comparisons 

Shown on the next chart arc the operating envelopes of trip time versus initial mass in low 
Earth orbit (IMLEO) opposition mission opportunities from 2010 through 2025 for all the 
vehicle types No Venus swingbys are used that might modify the outline of some of these 
envelops, particularly the Cryo/Aerobrake and NTR. These include "hard" years, when the 
position of the planets (relative angle between planet positions is large and opposition 
occurs away from Mars perihelion) makes intercept costly in AV and "easy" years when 
the positions are favorable. This is only a set of operations needs envelops, it does not 
consider the restrictions of vehicle development time or readiness to meet these envelope 
dates, the reusability of the vehicle or augmentation by ISRU (lunar or Mars sources). 

The comparison between the various types of NTR (NERVA or Advanced) and the 
Cryo/Aerobrake is continued in more detail through the next several charts some of which 
includes the use of swingbys to amend the data. 

All the vehicles are comprised of propulsion elements that have been identified for four 
mission vehicle configuration mixes (involving Moon, Mars zero-g, and Mars artificial 
gravity configurations) and an estimate made of the development effort to bring the 
individual elements up to man-rated flight ready status. The numbers obtained are a 
pre limin a r y es timate of this effort needed to bring into operation a set of working elements 
for a lunar- Mars network. It is subject to change as the goals and objectives of the 
program become more clear and the architecture framework is better de fine d 

It becomes critical to understand the outstanding technology issues that each vehicle 
configuration presents in order to evaluate the development, costs and scheduling impacts 
that may be inherent in the vehicle design. The top issues and their constrains are listed in 
this section as well as the operational issues that must be solved in each of these 
configurations before readiness is achieved. 

The summary of this section presents a comparison of the advanced propulsion system 
masses in Earth orbit for the initial mission as vehicle resupply (rebuild/ refurbish) and the 
payload resupply mass for the reference 2015-2016 mission time frame. The advantages 
and disadvantages of each configuration are outlined as a quick reference to the trades and 
issues that must be evaluated and defined. For every oppor tunity anti every mission 
scenario at least one vehicle design that will fulfil the objectives can be identified. 

Pan of the Work Breakdown Structure has been included to show the other advanced 
propulsion options that exist, but were not used after the first neckdown of possibilities for 
near term development and inclusion in the trades. 
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STCAEM Concept Size Comparison 
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STCAEM Concept Size Comparison 
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Mars Propulsion Options Compared 


o) o r-* 

a> *5 
i- •— o 

cd 3 Q, 

o- £ Q. 

P 3 

O •« 

O B 

K 

'£ 

« s 5 

x> -a 

2 K 2 
f « M 
r* c 4) 

E 

Jg °W 

£ £2 Tf 

u « „ 

O .£ ^ 

_ U crt 
c *t? CO 

•« w 

T3 U i*. 

2 a ° 

S y c 

eo 4J 
U 3 O 

•| *i£ 

g fr" 3 

sisis “ 

W fl) > 

!«•*« 
g* o £U 
C c 2 S 

.2 O - 4> 

“ a c fi 

3*D C 

§-S£- s 

U w ^ >—N 

ft%g 

w 2 w *s 
•£•£=« 
u- e 2 5 

O E £ B 


J2 «“ 

<u a> 

> A 

•o *o 
S 53 

CO C 
X) CO 

a. u 
= o 


a 3) 

^ 2 
VO Q. 

•O 00 


- Cu 

.52 oj 

fc 


M oo 
« O 

X o 

15 

S 8 

X w" 


<D w 
JS CO 


- CLP 

x .to 

QJ U- 
« ° 
to -y 

_>»1b 

cc ^ 

§ § 

•— O 

> . 
a| 


D615-10026-1 


516 


© 

.U 

CQ 

a 

S 

© 

U 

a 

# © 

a 

O 

c 

# © 

*55 

13 

a 

o 


co 

&* 

a 

s 


I 

§ 


ea 

< 

u 


Cn 

< 


Qm 

W 

03 


Qm 

a 


a 

H 



o 

•o 

.a 

£ 

-a 

i 

ea 


ll 


? 


a 

"O 

ca 

o 

ca 


•a 


X 

O 

0 

9. 

W> 

.jj 

TD 

9 

c9 

T3 

2 

Q* 

S 

O 


£ 

•5 

09 

>S 

09 

•a 

O 

*3 

’S 

a 

Q 

© 

•p 

09 

X3 

£ , 

5 


Jb 

u 

O 

+H 

>> 

a 

I 

a 

ea 

U 


~ c 

« cn S 

«— w - ••* * S ^ 

MM 41 Q^. — Vff 

•2 e « 5 « c 

•O © c .2 ^ © 

•art W g 3 C « 

X s «■ s « a 
o ^ *55 ^ 4) e 

" ^ a> > £• «— 

m w k « a e 


*1 

a 

o 


o 

o 

a 

03 . 

>J 

09 

© 

o 

.ca 


© 

1 

2 


c3 


o« 

a 

2 

3 

X) 


© 

8 

Q- 

03 


C <u 

• 2 ® 3 


CO 

0> 


£ «- 


© 

on 


"t3 •* ® *?> 

2 

a 5 a 

« E © 

T § a P 

« 2 s« ^ 

2 S 3 « 

3 S -S 2 
M © <3 <S 
S fi.J|B 


© 

s 

a 

£ 


M 

. 3 , 

gpl 

CQ 

O 
ea. 
CM 
a 
u 


M 

c 

o 

1 

I 

I 

• 6 " 

© 

O 

ea 

CX 

09 


O 

& 

3 

a 

§ 

CO 


o o 01 


o •• 


x x 


x d 


& 
s 

e3 
© 

r - * 
03 1 

o 1 a 

£ 

U 


,© 

•a 

CO 


03 

O 

u 

c 

o 

a 

3 

il 

8 


do 


09 

03 

© 

a 

T3 

CO 

a 

H 

O 


c 

a 

o 

Q* 

>> 

tn 

o 

o 

J 

© 

-5 

§ 

0) 


CQ 

u 

M 

<U 


CO 

CQ 

£ 

£ 

CQ 

U 

OX) 

© 

u 

CU 


a 

© 

o 

CD 


2 

© 

a 

o 

E 


© 

o 


• • 

S* 

* 


D615-10026-1 


517 


/STCAEM/crf/ 9Jan91 
















This page intentionally left blank 


D615-10026-1 


518 


i 


Propulsion Option Comparison Assumptions 
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Chem/AB vs NTR Mars Vehicle IMLEO Comparison 

for Non-Swingbv Opposition Missions 
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Shaded bands' bounded by easiest and hardest years covers 
(contains) all non-swing bv opposition mission opportunities 
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Propulsion Option Swingby Opportunities 

Swingby Opportunities for Expendable High Thrust 

Vehicles. 2010 - 2025 
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High Thrust Trajectory Assumptions for 
Propulsion Option Comparison 
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10) All propulsive, expendable - optimize TMI, MOC, and TEI delta V's. 
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Mission Delia v's and Departure Dates 
Venus Swinebv Cases 
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Major Propulsion Element List for Specific Vehicle Sets 

to Satisfy Lunar & Mars Objectives of 2000-2030 IIEl Program 
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Legend: (I) least development effort; (6) most development effort 
Expected total resources that must be expended for such a propulsion 
element to acheive flight readiness 
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Propulsion Options (cont.) 
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